Further supramolecular chemistry of fused [n] polynorbornanes in solution and solid-state. by Robson, Ryan
  
 
Further supramolecular chemistry of fused 
[n]polynorbornanes in solution and solid-
state.  
 
by 
Ryan Robson 
B.FSc (Hons)  
 
Submitted in fulfilment of the requirements for the degree of Doctor of 
Philosophy (Chemistry) 
 
Deakin University 
February 2017 
  
  


iii | P a g e  
 
Authors contribution 
The author was responsible for all of the synthetic work completed in this project. 
 
In chapter 2 Jacob Filiti assisted with several of the 1H NMR titrations.  
 
In chapter 4 the molecular modelling for the design of new [6]polynorbornane ligands was 
performed at the Supramolecular Design Institute by Dr. Benjamin Hay. The evaluation of the 
ligands ability to construct M6L12 cages is currently being undertaken in collaboration with Prof. 
Dr. Guido Clever and Dr. Mark Johnstone at Technische Universität Dortmund.  
 
In chapter 5 the solid state NMR experiments were undertaken as part of a collaboration 
between the Centre for chemistry and Biotechnology and the Institute for Frontier Materials at 
Deakin University and the Mark Wainwright Analytical Centre, University of New South Wales. 
The 1H-1H and 1H-13C correlation spectroscopy was completed at UNSW by Dr. Aditya Rawal and 
Prof. James Cook. The 2H experiments were performed at Deakin University by Dr. Luke O’Dell 
and the X-ray powder diffraction experiments were performed Dr. Daniel Gunzelmann.  
  
iv | P a g e  
 
Acknowledgements 
Firstly, I’d like to thank my supervisor Fred Pfeffer for your time, support and guidance without 
which none of this would have been possible. Your knowledge of both organic and supramolecular 
chemistry has been extremely helpful. To my associate supervisors Luke O’Dell and Gale Dyson 
your time and patience explaining both the theory and application of NMR has been invaluable. 
 
I’d also like to thank our collaborators University of New South Wales, Technische Universität 
Dortmund and the Supramolecular Design Institute for both your help and advice on the project. 
 
 I’d also like to extend that thanks to the academic staff at Deakin University who have offered 
advice and fresh perspectives on my project both. I’d like to thank the entire lab group for your 
help throughout this project.  
 
To my friend’s thanks for keeping me sane throughout my studies and always helping me unwind 
and destress. Special mention to the games crew both old and new, my housemates and second 
home back in Horsham.  
 
Thanks to my family for your support and teaching me the value of hard work and dedication, I 
wouldn’t be where I am without the start in life you have provided for me.  
 
Most importantly thanks to my girlfriend Meagan for putting up with me and listening to my 
complaints and long winded chemistry explanations. The last few years have been crazy but 
hopefully our next journey will be just as exciting. 
 
 
 
  
v | P a g e  
 
Publications 
Portions of this work has been published in the following peer reviewed journals and 
appear in their entirety in Appendix A: 
 
Hickey, S.M., Ashton, T.D. ,Khosa, S.K., Robson, R.N., White, J.M., Li, J., Nation, R.L., 
Heidi, Y.Y., Elliott, A. G., Butler, M.S. and Huang J.X., 2015, Synthesis and evaluation of 
cationic norbornanes as peptidomimetic antibacterial agents. Organic & Biomolecular 
chemistry, 13(22), pp.6225-6241. 
Rawal, A. Hook, J.M., Robson, R.N., Gunzelmann, D., Pfeffer, F.M. and O’Dell, L.A., 2015, 
Solid-state NMR as a probe of anion binding: molecular dynamics and associations in a 
[5]polynorbornane bisurea host complexed with terephthalate. Physical Chemistry 
Chemical Physics, 17(34), pp.22195-22203. 
Robson, R.N. and Pfeffer F.M., 2016, Using steric bulk for selective recognition; blocking 
the binding site to differentiate guests. Chemical Communications, 52(56), pp.8719-
8721. 
  
vi | P a g e  
 
Contents 
1 Introduction ............................................................................................................................. 1 
1.1 Supramolecular chemistry ............................................................................................... 1 
1.1.1 Complementarity ..................................................................................................... 3 
1.1.2 Preorganisation ........................................................................................................ 5 
1.1.3 Crown ethers, cryptands and Spherands ................................................................. 5 
1.2 Anion Recognition ............................................................................................................ 7 
1.2.1 Simple urea hosts ..................................................................................................... 8 
1.2.2 Complex preorganised frameworks ....................................................................... 10 
1.3 Fused polynorbornanes ................................................................................................. 14 
1.3.1 Oxadiazole coupling ............................................................................................... 16 
1.3.2 Tetrazine coupling .................................................................................................. 17 
1.3.3 [2π+2π] Mitsudo cycloaddition .............................................................................. 18 
1.3.4 Ladderanes ............................................................................................................. 20 
1.3.5 Alkene plus cyclobutane epoxide (ACE) reaction .................................................. 21 
1.3.6 Weitz-Scheffer epoxidation ................................................................................... 22 
1.4 Bridged norbornanes ..................................................................................................... 23 
1.4.1 Synthesis of bridged bisnorbornane ...................................................................... 24 
1.4.2 Applications of bridged bisnorbornane 1 .............................................................. 26 
1.4.3 Summary ................................................................................................................ 38 
1.5 Thesis aims ..................................................................................................................... 39 
2 Synthesis and evaluation of [3], [5] and [6] polynorbornane s as hosts for dicarboxylates. . 40 
2.1.1 Dicarboxylates of biological and industrial significance ........................................ 40 
2.1.2 Bacterial spores ...................................................................................................... 40 
2.1.3 Krebs cycle ............................................................................................................. 40 
2.1.4 Botanical health ..................................................................................................... 42 
2.1.5 Industrial uses ........................................................................................................ 42 
2.2 Previously synthesised fused [n]polynorbornane hosts ................................................ 43 
vii | P a g e  
 
2.2.1 [3] and [5]polynorbornane hosts ........................................................................... 43 
2.2.2 Bisthiourea polynorbornanes ................................................................................. 44 
2.2.3 Tristhiourea polynorbornanes ................................................................................ 46 
2.2.4 Tetrathiourea polynorbornanes ............................................................................. 47 
2.2.5 Contribution of norbornane framework to binding ............................................... 48 
2.3 Further probing of fused [n]polynorbornane bisurea hosts .......................................... 49 
2.3.1 Synthesis of [3], [5] & [6]polynorbornane hosts .................................................... 50 
2.3.2 Evaluation ............................................................................................................... 55 
2.3.3 Evaluation of thiourea convergence ...................................................................... 62 
2.4 Summary ......................................................................................................................... 68 
3 Further tuning of fused [n]polynorbornane hosts ................................................................. 70 
3.1 Electronics ...................................................................................................................... 70 
3.2 Squaramide functionalised [5]polynorbornane hosts .................................................... 72 
3.2.1 Design and synthesis of [5]polynorbornane squaramide hosts ............................. 74 
3.2.2 Evaluation of [5]polynorbornane squaramide hosts .............................................. 77 
3.3 Incorporation of additional functionality ....................................................................... 80 
3.3.1 Synthesis of centrally functionalised [6]polynorbornane hosts ............................. 84 
3.3.2 Binding studies of centrally functionalised [6]polynorbornane hosts ................... 90 
3.3.3 Blocked [6]polynorbornane host ............................................................................ 95 
3.4 Future work .................................................................................................................... 99 
3.4.1 Macrocyclic [n]polynorbornanes .......................................................................... 100 
3.4.2 Tuning solubility ................................................................................................... 101 
3.5 Summary ....................................................................................................................... 102 
4 Fused [6]polynorbornanes as ligands for metal organic cages ............................................ 104 
4.1 MOC introduction ......................................................................................................... 104 
4.1.1 Molecular flasks .................................................................................................... 105 
4.1.2 Controlling cage size ............................................................................................. 108 
4.2 MOC with [n]polynorbornane ligands .......................................................................... 111 
viii | P a g e  
 
4.2.1 [5]polynorbornane ligands for MOC .................................................................... 112 
4.2.2 [6]polynorbornane ligands ................................................................................... 115 
4.3 New generation of [6]polynorbornane ligands for MOC ............................................. 120 
4.3.1 M6L12 cage design and molecular modelling ........................................................ 120 
4.3.2 Synthesis of ligands .............................................................................................. 124 
4.3.3 Conclusion ............................................................................................................ 132 
4.4 Future work .................................................................................................................. 132 
5 Solid state NMR analysis for [5]polynorbornane complexes ............................................... 138 
5.1 Solid state analysis ....................................................................................................... 138 
5.1.1 Spectral enhancement techniques in solid state NMR ........................................ 138 
5.2 Solid state analysis of [5] polynorbornane host .......................................................... 141 
5.2.1 X-ray powder diffraction (XRD) studies................................................................ 142 
5.2.2 Confirming complexation in the solid state – 1H-1H spin diffusion ...................... 143 
5.2.3 Local ordering between complexes – 1H-1H SQ-DQ ............................................. 145 
5.2.4 Dynamics of the host – 1H-13C HETCOR ................................................................ 148 
5.2.5 Dynamics of the guest – VT 2H NMR .................................................................... 152 
5.2.6 Conclusion ............................................................................................................ 161 
5.3 Future work .................................................................................................................. 161 
6 Experimental ........................................................................................................................ 164 
6.1 Salt formation .............................................................................................................. 167 
6.2 General procedures ..................................................................................................... 170 
6.3 Specific Synthesis ......................................................................................................... 172 
6.3.1 Common synthetic intermediates ....................................................................... 172 
6.4 Bisthiourea hosts ......................................................................................................... 179 
6.5 Squaric hosts ................................................................................................................ 190 
6.6 Ligands for MOC ........................................................................................................... 193 
7 References ........................................................................................................................... 197 
8 Appendix: A .......................................................................................................................... 220 
ix | P a g e  
 
9 Appendix: B........................................................................................................................... 249 
9.1 Thiourea Hosts .............................................................................................................. 249 
9.1.1 [3]polynorbornane 4-fluorophenyl thiourea (211) .............................................. 249 
9.1.2 [5]polynorbornane 4-fluorophenyl thiourea (212) .............................................. 251 
9.1.3 [5]polynorbornane 4-nitrophenyl thiourea (246) ................................................ 253 
9.1.4 [5]polynorbornane 4-(trifluoro)phenyl thiourea (245) ........................................ 255 
9.1.5 [5]polynorbornane 2,6-difluorophenyl thiourea (247) ........................................ 257 
9.1.6 [6]polynorbornane 4-fluorophenyl thiourea (232) .............................................. 259 
9.1.7 [6]polynorbornane 4-nitrophenyl thiourea (286) ................................................ 262 
9.1.8 Imide [6]polynorbornane 4-nitrophenyl thiourea (284) ...................................... 263 
9.1.9 Block [6]polynorbornane 4-fluorophenyl thiourea (271) ..................................... 264 
9.2 Squaramido hosts ......................................................................................................... 267 
9.2.1 [5]polynorbornane 4-fluorophenyl squaramide (257) ......................................... 267 
9.2.2 [5]polynorbornane 3,5-bis(trifluoromethyl)phenyl squaramide (258) ................ 268 
 
 
  
x | P a g e  
 
List of Figures 
Figure 1-1: The 1987 Nobel Laureates Charles Pederson (left), Jean-Marie Lehn (middle) and 
Donald Cram (right) with an example of their respective hosts.3-5 ................................................. 2 
Figure 1-2: Change in hydrogen bond strength against deviation from the optimal angle for 
various hydrogen bonds. Adapted from Scheiner and Nepal.15 ...................................................... 4 
Figure 1-3: Complementary hydrogen bonds between the base pairs of DNA. .............................. 4 
Figure 1-4: Structure of heme (left) and chlorophyll a (right), coordination bonds (highlighted).23-
25 ....................................................................................................................................................... 5 
Figure 1-5: Association constants for crown ether 4 and podand homologue 15 with potassium 
cations in CH3OH.26,28 ....................................................................................................................... 6 
Figure 1-6: Association constants for cryptand 3 and lariat ether 16 with potassium cations in 
95:5 CH3OH:H2O.28 ........................................................................................................................... 6 
Figure 1-7: Preorganised spherand 2 and the acyclic homologue 17 green arrows indicate freely 
rotating bonds.31 .............................................................................................................................. 7 
Figure 1-8: Structure of oxalosuccinate (18 top left), lipid A (19 bottom left) and a section of DNA 
(20 right). ......................................................................................................................................... 8 
Figure 1-9: First urea and thiourea hosts synthesised by Wilcox 21 (left) and Hamilton 22 (right) 
with anionic guests.40,41.................................................................................................................... 8 
Figure 1-10: Gunnlaugsson’s turn off fluorescent anion sensor.44 .................................................. 9 
Figure 1-11: Binding of acetate by host 24 and 25.48....................................................................... 9 
Figure 1-12: Bisthiourea host 26 binding with dicarboxylates (left) and acetate (right).49,50 .......... 9 
Figure 1-13: Structure of neutral, non-traditional and charged (right) anion binding groups. ..... 10 
Figure 1-14: General structure of calix[4]arene and cartoon representation of the bowl structure.
 ....................................................................................................................................................... 10 
Figure 1-15: Structure of calix[4]arene thiourea hosts synthesised by Ungaro et. al.70 ................ 11 
Figure 1-16: Structure of calix[4]arene hosts functionalised with cobaltocenium, synthesised by 
Beer et. al.73 ................................................................................................................................... 11 
Figure 1-17: Structure of bridged calix[4]pyrroles with various hydrogen bond donors.89........... 13 
Figure 1-18: Structure (top) and cartoon (bottom) of preorganised frameworks. ....................... 14 
Figure 1-19: Norbornane unit with stereo descriptors for functionalisation (left) and possible 
configurations of fused polynorbornanes. .................................................................................... 14 
Figure 1-20: Fused norbornane macrocycles kohnkene (left) and trinacrene (right).108,109 .......... 15 
Figure 1-21: Norbornane based molecular tweezer’s synthesised by Klärner’s.110,111,114 .............. 15 
xi | P a g e  
 
Figure 1-22: Structure of norbornane based molracs.115,116 ........................................................... 16 
Figure 1-23: Hindered approach (left) of oxanorbornene 69 to carbonyl ylide intermediate 67 
and energetically favoured approach (right).................................................................................. 17 
Figure 1-24: Structure of original ruthenium catalyst (left) and the modified catalyst (right).138,143
 ........................................................................................................................................................ 18 
Figure 1-25: Sterically hindered syn approach of norbornene (left) and observed anti approach 
(right). ............................................................................................................................................. 21 
Figure 1-26: Structure (top) and minimum energy conformation (bottom) of fused 
[n]polynorbornanes.123,166 .............................................................................................................. 23 
Figure 1-27: Bridged bisnorbornenes (left) and their incorporation into rigid rods (right).166 ...... 23 
Figure 1-28: Structure of dodecahedrane (left)174, C20 fullerene (middle)179 and helium trapped 
inside dodecahedrane (right)178. .................................................................................................... 26 
Figure 1-29: Norbornane based rods synthesised to study electron transfer between the 
ruthenium and 1,10-phenanthroline.181 ......................................................................................... 26 
Figure 1-30: Structure of heterobimetallic rods synthesised by Warrener et. al..181..................... 27 
Figure 1-31: Structure of single crown units 138 and 139 and tricrown rods 140 and 141.183 ...... 28 
Figure 1-32: Structure of Badjić’s molecular basket 142 and molecular model of the basket with a 
single copper guest.186 .................................................................................................................... 30 
Figure 1-33: 1H NMR spectra of 147b in CD2Cl2 and model structure.187 ....................................... 31 
Figure 1-34: 1H NMR spectra of 147b in C2D2Cl4 and model structure.187 ...................................... 31 
Figure 1-35: Fitplot of CH3 for host 147a (red■) and 147b (black▲) with CBr4 guest.187 .............. 32 
Figure 1-36: DSC profiles of 161 and 162 to the corresponding dienes 164 and 163.192 ............... 34 
Figure 1-37: Structure of antiviral drug candidate Tecovirimat (165) highlighting αH.194 ............. 35 
Figure 1-38: Polycyclic families tested for antiviral activity.193 ...................................................... 35 
Figure 1-39: Polycyclic amines used to probe the dimensions of the M2 proton channel.204 ....... 37 
Figure 1-40 Model of the M2 proton channel with proposed orientation of 178 (blue), (left). 
Superposition of amantadine (orange) and 178 (blue) inside the M2 proton channel (right).204 . 38 
Figure 2-1: Structure of dipicolinic acid (left) and bacterial spore (right).215 ................................. 40 
Figure 2-2: Simplified Krebs cycle with tri- and dicarboxylate structures (180-188).216,218 ............ 41 
Figure 2-3: Structure of dicarboxylic acids over expressed from glutaric aciduria type-1.219 ........ 41 
Figure 2-4: Structure of traumatic acid (left) and azelaic acid (right) which have active roles in 
botanical well-being. ...................................................................................................................... 42 
Figure 2-5: Synthesis of the commercial plastic polyethylene terephthalate (top) and lithium 
dicarboxylates used as anodes in batteries (bottom). ................................................................... 42 
xii | P a g e  
 
Figure 2-6: Structure of previously developed fused [n]polynorbornane hosts.237,238 .................. 44 
Figure 2-7: Proposed binding mode for pimelate (C7, 222) dicarboxylate with [3] host (211) (left) 
and succinate (C4, 185) dicarboxylate with [5] host (212) (right).238 ............................................ 45 
Figure 2-8: Proposed binding of 213 with pimelate (C7, 222) guest (top) and titration isotherm 
(bottom), performed at 2.5 mM host concentration in DMSO.238 ................................................ 46 
Figure 2-9: Preferred complex of 213 with 1 eq. pimelate (222) and 1 eq. acetate (217) (top) 
regardless of order of addition. Titration isotherm with acetate with 1 eq. pimelate (bottom left) 
and titration isotherm of pimelate with 1 eq. of acetate (bottom right), performed at 2.5 mM 
host concentration in DMSO.238 ..................................................................................................... 47 
Figure 2-10: Structure of 1:1 (centre) and 1:2 (right) for host 225 guest 221 complex and titration 
isotherm (bottom), performed at 2.5 mM host concentration in DMSO.238 ................................. 47 
Figure 2-11: Hosts 226-229 designed to determine the contributions of the framework to 
binding.240 ...................................................................................................................................... 48 
Figure 2-12: Binding of terephthalate (224) by host 229 (left) and 211 (right), performed at 2.5 
mM host concentration in DMSO. 236,240 ........................................................................................ 48 
Figure 2-13: Aromatic guest used to probe the cleft size of hosts. ............................................... 49 
Figure 2-14: Molecular modelling of known hosts 211 (left), 212 (middle) and new host 232* 
(right) highlighting (i) the length and (ii) the angle of convergence of the thioureas, calculated 
with Spartan using Hartree-Fock 3-21G. *central esters removed after modelling. ..................... 50 
Figure 2-15: 1H NMR spectra of 1 in CDCl3 as the crude reaction mixture (top) and after the 
selective hydrolysis (bottom). ........................................................................................................ 52 
Figure 2-16: 1H–13C HSQC experiment for 235 in DMSO-d6 with concealed 1H correlation peaks 
highlighted. .................................................................................................................................... 53 
Figure 2-17: 1H NMR of 232 in DMSO-d6 with selected peaks highlighted. ................................... 54 
Figure 2-18: NMR spectra of 232 19F (top) and splitting of aromatics 13C signals (bottom) in 
DMSO-d6. ....................................................................................................................................... 55 
Figure 2-19: Possible host guest complex (top) and titration isotherms (bottom), performed at 
2.5 mM host concentration in DMSO for 211:224 (left) and 211:230 (right). ............................... 56 
Figure 2-20: Possible host guest complex (top) and titration isotherms (bottom), performed at 
2.5 mM host concentration in DMSO for 212:224 (left) and 212:230 (right). ............................... 58 
Figure 2-21: Proposed binding of 232 with 224 (left) and titration isotherm (right), performed at 
2.5 mM host concentration in DMSO. ........................................................................................... 59 
xiii | P a g e  
 
Figure 2-22: Proposed binding of 232 with 230 using Hartree-Fock F21-G* calculations (left)* and 
titration isotherm (right), performed at 2.5 mM host concentration in DMSO. *Ester groups 
removed for clarity. ........................................................................................................................ 60 
Figure 2-23: Structure of flexible dicarboxylate guests, from left to right: Adipate (C6, 221), 
Suberate (C8, 223), Azelate (C9, 239), and Dodecandioate (C12, 240). ......................................... 60 
Figure 2-24: Proposed host:guest complex of 232:221 (left) and corresponding titration isotherm 
(right), performed at 2.5 mM host concentration in DMSO. ......................................................... 61 
Figure 2-25: Proposed host:guest complex of 232:239 (left) and corresponding titration isotherm 
(right), performed at 2.5 mM host concentration in DMSO. ......................................................... 62 
Figure 2-26: Structure and shape of terephthalate (224), isophthalate (241) and dipicolinate 
(242), calculated with Spartan using Hartree-Fock 3-21G. ............................................................ 63 
Figure 2-27: Molecular modelling of complex 211:241 calculated with Spartan using Hartree-Fock 
3-21G (left) and titration isotherm (right), performed at 2.5 mM host concentration in DMSO. . 64 
Figure 2-28: Overlay of models for the complex 211:241 over the free host 211,calculated with 
Spartan using Hartree-Fock 3-21G. ................................................................................................ 64 
Figure 2-29: Binding of dipicolinate (242) by host 211 (left) and titration isotherm (right), 
performed at 2.5 mM host concentration in DMSO. ..................................................................... 65 
Figure 2-30: Structure (top) and titration isotherm (bottom) for complex 212:224 (left) and 
212:241 (right), performed at 2.5 mM host concentration in DMSO. ........................................... 66 
Figure 2-31: Molecular model of 212:241 calculated with Spartan using Hartree-Fock 3-21G 
(left), chemdraw structure of 243:244 (middle) and the corresponding crystal structure (right).252
 ........................................................................................................................................................ 66 
Figure 2-32: Possible complex of 212:242 (left) and titration isotherm (right), performed at 2.5 
mM host concentration in DMSO. .................................................................................................. 67 
Figure 2-33: Proposed structure of 232:241 (left) and titration isotherm (right), performed at 2.5 
mM host concentration in DMSO. .................................................................................................. 68 
Figure 3-1: Structure of dicarboxylate guests. ............................................................................... 71 
Figure 3-2: Graph of association constants for [5]polynorbornane hosts 212,245-247. ............... 71 
Figure 3-3: Titration isotherm for host 246 with terephthalate (left) and tetrafluoroterephthalate 
(right), performed at 2.5 mM host concentration in DMSO. ......................................................... 72 
Figure 3-4: Resonance structures of squaramide 31 indicating electron rich oxygen and electron 
poor nitrogens. ............................................................................................................................... 73 
Figure 3-5: Squaramide derivatives used as chiral catalysts.262-264 ................................................ 73 
Figure 3-6: Squaramide hosts for anion recognition.265-267 ............................................................ 74 
xiv | P a g e  
 
Figure 3-7: Squaramides derivatives used in medicine (left)268 and crystal engineering (right).269
 ....................................................................................................................................................... 74 
Figure 3-8: Structure of [5]polynorbornane bissquaramido hosts. ............................................... 74 
Figure 3-9: 1H NMR of 257 in DMSO-d6 with selected peaks highlighted. ..................................... 77 
Figure 3-10: Structure and yield of bissquarmide [5]polynorbornane host 257 and 258. ............ 77 
Figure 3-11: Titration isotherms for host 257 with isophthalate (left) and terephthalate (right), 
performed at 2.5 mM host concentration in DMSO. ..................................................................... 79 
Figure 3-12: Possible structure of host 257 with naphthalate (left) and corresponding titration 
isotherm, performed at 2.5 mM host concentration in DMSO. .................................................... 80 
Figure 3-13: Cartoon of possible 2:2 binding conformations for polynorbornane hosts with 
dicarboxylates. ............................................................................................................................... 80 
Figure 3-14: Enhanced binding of acetate by increasing the number of hydrogen bonds.48 ........ 81 
Figure 3-15: Vancomycin binding to D-Ala-D-Ala residue (left) and D-Ala-D-Lac residue (right), 
repulsive interactions highlighted in orange. ................................................................................ 82 
Figure 3-16: Crystal structure of drug candidate bound to PPARγ with key bonds highlighted (left) 
and structure of drugs capable of binding of binding with the flexible regions highlighted.278,279 82 
Figure 3-17: Molecular model of 270 calculated with Spartan using Hartree-Fock 3-21G (left) and 
possible binding of dipicolinate 242 (right). .................................................................................. 83 
Figure 3-18: Molecular model calculated with Spartan using Hartree-Fock 3-21G (left) and 
chemical structure (right) of anisole blocked host 271. ................................................................ 84 
Figure 3-19: 1H NMR of amic intermediate 276 in DMSO-d6. ........................................................ 86 
Figure 3-20: Energy minimised structures of 276 calculated with Spartan using Hartree-Fock 3-
21G with various starting orientations from left to right O····O, O···N-H, N-H···O-H, N-H···O=C. 
Below is a representative drawing of each starting orientation of the amic acid. ........................ 86 
Figure 3-21: Variable temperature 1H NMR of amic acid intermediate 276, in DMSO-d6. ........... 87 
Figure 3-22: 1H NMR of 277 in CDCl3; Inset shows the enhanced splitting of the aromatic signals.
 ....................................................................................................................................................... 89 
Figure 3-23: Half spectra (AA’) of p-bromoanisole (279) showing AA’BB’ splitting.283,284 ............. 89 
Figure 3-24: Structure (top) and titration isotherm (bottom) for complex 284:231 (left) and 
286:231 (right), performed at 2.5 mM host concentration in DMSO. ........................................... 92 
Figure 3-25: Structure (left) and molecular modelling for complex 284 with terephthalate 224, 
Log kA = 3.42. .................................................................................................................................. 92 
Figure 3-26: Structure (left) and molecular modelling of complex 284 with terephthalate 230, Log 
kA = 3.50 ......................................................................................................................................... 93 
xv | P a g e  
 
Figure 3-27: Structure (left) and molecular modelling of complex 284 with terephthalate 231, Log 
kA = 3.38. ......................................................................................................................................... 93 
Figure 3-28: Side view of naphthalate complex for imide host 284 (left) and ester host 286 
(right). The end of the norbornane framework has been removed for clarity calculated with 
Spartan using Hartree-Fock 3-21G. ................................................................................................ 94 
Figure 3-29: Complex of 284:241 (top) and 1H NMR titration (bottom) showing deprotonation of 
imide at ≈11 ppm, performed at 2.5 mM host concentration in DMSO. ....................................... 94 
Figure 3-30: Proposed binding of naphthalate by 271 and corresponding titration isotherm, 
performed at 2.5 mM host concentration in DMSO. ..................................................................... 96 
Figure 3-31: Proposed binding of 263 with adipate (C6) and the corresponding titration isotherm, 
performed at 2.5 mM host concentration in DMSO. ..................................................................... 97 
Figure 3-32: Proposed binding of 271 with azelate (C9, 239) and corresponding titration 
isotherm, performed at 2.5 mM host concentration in DMSO. ..................................................... 97 
Figure 3-33: Titration isotherm for naphthalate with host 232 (left) and blocked host 271 (right), 
performed at 2.5 mM host concentration in DMSO. ..................................................................... 98 
Figure 3-34: Titration isotherm for suberate (C8) with host 232 (left) and blocked host 271 
(right), performed at 2.5 mM host concentration in DMSO. ......................................................... 98 
Figure 3-35: Proposed binding for suberate (C8) with host 232 (left) and blocked host 271 (right).
 ........................................................................................................................................................ 99 
Figure 3-36: Complex of terephthalate with [5]polynorbornane staple (left) and 
[5]polynorbornane macrocycle (right). ........................................................................................ 100 
Figure 3-37: [5]polynorbornane macrocycle incorporating a pyrene fluorescent group. ........... 101 
Figure 4-1: Ligands synthesised to identify angle that controls self-assembly products.315 ........ 109 
Figure 4-2: Structure of functionalised ligands synthesised by Fujita et. al.317-321 ....................... 111 
Figure 4-3: From top to bottom 1H NMR of guest, host:guset ratio of 1:1, 2:1 and cage 340.322 112 
Figure 4-4: In orientation (left) and out orientation (right) of 345 and molecular models of the 
resulting ML2 complex.323 ............................................................................................................. 114 
Figure 4-5: 1H NMR spectra of ligand (bottom) and M2L4 cage (top) and molecular modelling of 
the cage (right) .323 ....................................................................................................................... 114 
Figure 4-6: Bridged bisnorbornane units synthesised to introduce central functionality in 
[6]polynorbornane ligands.280,281 .................................................................................................. 116 
Figure 4-7: Crystal structure of cage 369⊂Pt(CN)6 guest, side view (left) and top view (right).281
 ...................................................................................................................................................... 120 
Figure 4-8: Fused [6]polynorbornane ligands identified by molecular modelling. ...................... 121 
xvi | P a g e  
 
Figure 4-9: Molecular model of M6L12 372 cage along the y axis (left), cartoon highlighting 
electrophilic groups ▲ = hydrogen bond donor, ● = metal centre (middle) and 3D axis (right).
 ..................................................................................................................................................... 121 
Figure 4-10: Molecular model of cage 372 rotated 90° around the x,y plane (left) and rotated a 
further 45° in the z plane (right). ................................................................................................. 122 
Figure 4-11: General structure of old parallel oriented ligands (left) and new divergent ligands 
(right). .......................................................................................................................................... 122 
Figure 4-12: Outside conformation of ligands 370 and 371 (top) and inside conformation 
(bottom). ...................................................................................................................................... 123 
Figure 4-13: Functionalised central blocks selected for incorporation into new ligands. ........... 123 
Figure 4-14: Structure of new [6]polynorbornane ligands for M6L12 MOC’s. .............................. 123 
Figure 4-15: Aromatic region of the 1H NMR spectra of 379 in CDCl3. ........................................ 126 
Figure 4-16: Molecular modelling of intermediate 386 (top) and possible transesterification 
mechanism (bottom). .................................................................................................................. 127 
Figure 4-17: 1H NMR of ligand 371 in DMSO-d6. .......................................................................... 129 
Figure 4-18: Synthesis of ligand 376 and 1H NMR spectra in DMSO-d6. i) DMF, 150 °C, 10 min, 
82%............................................................................................................................................... 130 
Figure 4-19: Synthesis of ligand 374 and 1H NMR spectra in DMSO-d6. i) DMF, 150 °C, 10 min, 
67%............................................................................................................................................... 131 
Figure 4-20: New ligands for the formation for large MOCs. ...................................................... 132 
Figure 4-21: Construction of tetrahedral heterometal cages by Liu et. al..333 ............................. 133 
Figure 4-22: Structure of Ru/Cd polymer (top left), ligand for heterometal Ru/Pd cage (top 
right)335 and cubic Fe/Pt cage (bottom)336. .................................................................................. 134 
Figure 5-1: Diagram of magic angle spinning (left) and solid state spectrum of a static sample 
(bottom right) and 30 kHz MAS sample (top right) of L-alanine (404).351,355 ............................... 139 
Figure 5-2: Solid state spectrum of a 30 kHz MAZ  sample (bottom) and a decoupled spectra 
using FLSG pulse program at 12.5 kHz (top) of L-alanine (404).355 .............................................. 140 
Figure 5-3: Simplified vector diagram for spin locking and cross polarisation. ........................... 140 
Figure 5-4: General scheme for NMR correlation experiments................................................... 141 
Figure 5-5: Structures of host 246, guest 224, and complex 246:224. ........................................ 142 
Figure 5-6: X-ray powder diffraction patterns from top to bottom guest 224, complex 246:224, 
host 246 and sample holder.374 ................................................................................................... 143 
Figure 5-7: 2D 1H-1H spin diffusion spectra of host 246 using spin diffusion times of 30 μs (left) 
and 100 ms (right). i) polynorbornane region, ii) binding arm region.374 .................................... 144 
xvii | P a g e  
 
Figure 5-8: 2D 1H-1H spin diffusion (1 s) spectra of 246:224 with 1H-T2 filter (9 ms). i) TMA region, 
ii) Terephthalate region.374 ........................................................................................................... 144 
Figure 5-9: Structure of benzoxazine derivatives.383 .................................................................... 145 
Figure 5-10: Dimer structure of methyl benzoxazine 405 (left) and 1H-1H SQ-DQ spectra for 405 
(right).383 ....................................................................................................................................... 146 
Figure 5-11: Ribbon packing structure ethyl benzoxazine 406 (left) and 1H-1H SQ-DQ spectra 
(right).383 ....................................................................................................................................... 146 
Figure 5-12: Peak assignment for the free host 246 (left) and SQ-DQ 1H-1H spectra (right). 
Intramolecular interactions are highlighted in red and intermolecular interactions are highlighted 
in blue.374 ...................................................................................................................................... 147 
Figure 5-13: Peak assignment for the host:guest complex 246:224 (left) and SQ-DQ 1H-1H spectra 
(right). Intramolecular interactions are highlighted in red and intermolecular interactions are 
highlighted in blue.374 ................................................................................................................... 148 
Figure 5-14: 1H-13C HETCOR spectra of sphingomyelin bilayer and cholesterol in the gel phase 
(310 K), cholesterol peaks are labelled with superscript C.384 ..................................................... 149 
Figure 5-15:1H-13C HETCOR spectra of sphingomyelin bilayer and cholesterol in the liquid crystal 
phase (334 K), cholesterol peaks are labelled with superscript C.384 ........................................... 150 
Figure 5-16: Packing structure of complex 409:410 determined by single crystal X-ray diffraction, 
key intercomplex interactions observed by HETCOR experiments are highlighted.387 ................ 151 
Figure 5-17: 2D 1H-13C HETCOR spectra for 246 (left) and regional assignment.374 ..................... 151 
Figure 5-18: 2D 1H-13C HETCOR spectra for complex 246:224 (left) with partial assignment.374 . 152 
Figure 5-19: Structure of Jelinski’s poly(butylene terephthalate), phenylene ring flips are 
highlighted in green.388 ................................................................................................................. 153 
Figure 5-20: Simulation of Pake pattern slow (left) and fast (right)............................................. 153 
Figure 5-21: Structure of molecular gyroscopes 413 and 414, stators highlighted in orange and 
rotors in purple. ............................................................................................................................ 154 
Figure 5-22: VT 2H experimental and simulation spectra for 413 (left) and 414 (right).397,398 ..... 154 
Figure 5-23: Structure of MOF-5 415 (left)  and VT 2H NMR spectra experimental (middle) and 
simulation (right).399 ..................................................................................................................... 155 
Figure 5-24: Cartoon of Loeb’s interlocked MOF, unactivated (middle) and activated (right).401
 ...................................................................................................................................................... 155 
Figure 5-25: Molecular motion of the wheel of 416 at 255 K (left) and 318 K (right).401 ............. 155 
Figure 5-26: Molecular motion of the wheel of  416 at 381 K (left), experimental  2H spectra 
(middle) and simulated (right).401 ................................................................................................. 156 
xviii | P a g e  
 
Figure 5-27: Structure of ligand 418 (top left), cartoon of MOF (bottom left) and VT 13C CPMAS 
spectra experimental (middle) and simulation (right).402 ............................................................ 156 
Figure 5-28: Structure of deuterated guest 419 (left) and the complex 246:419 (right). ........... 157 
Figure 5-29: Molecular motion of the phenyl ring flip (top) and solid state NMR 2H spectra of 419 
(left) and the simulated Pake pattern for a 180° phenylene flip (right). The temperature used to 
acquire the spectra is shown on the left axis and the calculated rates of flipping provided on the 
right axis. ...................................................................................................................................... 158 
Figure 5-30: Solid state NMR  2H spectra of 246:419 (left) and modelling of the simulated Pake 
pattern for a 180° phenylene flip (right). The temperature used to acquire the spectra is shown 
on the left axis and the calculated rates of flipping provided on the right axis. ......................... 159 
Figure 5-31: 2H spectra of 246:419 at various temperatures. Spectra on the far right is after the 
complex has been heated to 100 °C.374 ....................................................................................... 160 
Figure 5-32: Percentage of isotropically rotating terephthalate 419 as a function of temperature. 
Dashed line indicates cooling phase.374 ....................................................................................... 160 
Figure 5-33: Binding isotherm for host 246 with terephthalate as a TMA salt (left) and Li salt 
(right), titrations performed at 2.5 mM host concentration in DMSO-d6. .................................. 162 
Figure 5-34: Structures of host and complex to probe the effects of guest binding on rigidity. 162 
Figure 5-35: Proposed binding of Azelate (C9, 239) by host 232 and 271. .................................. 163 
Figure 5-36: Structure of host 420 designed to probe the influence of guests upon the dynamics 
of the host. ................................................................................................................................... 163 
Figure 9-1: Titrations isotherm and residual fitting of 211:224 performed in DMSO-d6 at constant 
host concentration 2.5 mM. ........................................................................................................ 249 
Figure 9-2: Titrations isotherm and residual fitting of 211:231 performed in DMSO-d6 at constant 
host concentration 2.5 mM. ........................................................................................................ 249 
Figure 9-3: Titrations isotherm and residual fitting of 211:230 performed in DMSO-d6 at constant 
host concentration 2.5 mM. ........................................................................................................ 250 
Figure 9-4: Titrations isotherm and residual fitting of 211:241 performed in DMSO-d6 at constant 
host concentration 2.5 mM. ........................................................................................................ 250 
Figure 9-5: Titrations isotherm and residual fitting of 211:242 performed in DMSO-d6 at constant 
host concentration 2.5 mM. ........................................................................................................ 250 
Figure 9-6: Titrations isotherm and residual fitting of 212:224 performed in DMSO-d6 at constant 
host concentration 2.5 mM. ........................................................................................................ 251 
Figure 9-7: Titrations isotherm and residual fitting of 212:230 performed in DMSO-d6 at constant 
host concentration 2.5 mM. ........................................................................................................ 251 
xix | P a g e  
 
Figure 9-8: Titrations isotherm and residual fitting of 212:231 performed in DMSO-d6 at constant 
host concentration 2.5 mM. ......................................................................................................... 252 
Figure 9-9: Titrations isotherm and residual fitting of 212:241 performed in DMSO-d6 at constant 
host concentration 2.5 mM. ......................................................................................................... 252 
Figure 9-10: Titrations isotherm and residual fitting of 212:242 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 252 
Figure 9-11: Titrations isotherm and residual fitting of 246:224 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 253 
Figure 9-12: Titrations isotherm and residual fitting of 246:230 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 253 
Figure 9-13: Titrations isotherm and residual fitting of 246:231 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 254 
Figure 9-14: Titrations isotherm and residual fitting of 246:241 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 254 
Figure 9-15: Titrations isotherm and residual fitting of 246:224 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 254 
Figure 9-16: Titrations isotherm and residual fitting of 245:224 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 255 
Figure 9-17: Titrations isotherm and residual fitting of 245:230 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 255 
Figure 9-18: Titrations isotherm and residual fitting of 245:231 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 256 
Figure 9-19: Titrations isotherm and residual fitting of 245:241 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 256 
Figure 9-20: Titrations isotherm and residual fitting of 245:242 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 256 
Figure 9-21: Titrations isotherm and residual fitting of 247:224 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 257 
Figure 9-22: Titrations isotherm and residual fitting of 247:230 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 257 
Figure 9-23: Titrations isotherm and residual fitting of 247:231 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 258 
Figure 9-24: Titrations isotherm and residual fitting of 247:241 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 258 
xx | P a g e  
 
Figure 9-25: Titrations isotherm and residual fitting of 247:242 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 258 
Figure 9-26: Titrations isotherm and residual fitting of 232:224 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 259 
Figure 9-27: Titrations isotherm and residual fitting of 232:230 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 259 
Figure 9-28: Titrations isotherm and residual fitting of 232:231 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 260 
Figure 9-29: Titrations isotherm and residual fitting of 232:241 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 260 
Figure 9-30: Titrations isotherm and residual fitting of 232:242 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 260 
Figure 9-31: Titrations isotherm and residual fitting of 232:221 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 261 
Figure 9-32: Titrations isotherm and residual fitting of 232:223 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 261 
Figure 9-33: Titrations isotherm and residual fitting of 232:239 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 261 
Figure 9-34: Titrations isotherm and residual fitting of 232:240 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 262 
Figure 9-35: Titrations isotherm and residual fitting of 286:224 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 262 
Figure 9-36: Titrations isotherm and residual fitting of 286:230 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 263 
Figure 9-37: Titrations isotherm and residual fitting of 284:224 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 263 
Figure 9-38: Titrations isotherm and residual fitting of 284:230 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 264 
Figure 9-39: Titrations isotherm and residual fitting of 284:231 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 264 
Figure 9-40: Titrations isotherm and residual fitting of 271:224 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 265 
Figure 9-41: Titrations isotherm and residual fitting of 271:230 performed in DMSO-d6 at 
constant host concentration 2.5 mM. ......................................................................................... 265 
xxi | P a g e  
 
Figure 9-42: Titrations isotherm and residual fitting of 271:231 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 265 
Figure 9-43: Titrations isotherm and residual fitting of 271:221 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 266 
Figure 9-44: Titrations isotherm and residual fitting of 271:223 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 266 
Figure 9-45: Titrations isotherm and residual fitting of 271:239 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 266 
Figure 9-46: Titrations isotherm and residual fitting of 271:240 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 267 
Figure 9-47: Titrations isotherm and residual fitting of 257:224 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 267 
Figure 9-48: Titrations isotherm and residual fitting of 257:241 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 268 
Figure 9-49: Titrations isotherm and residual fitting of 258:224 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 268 
Figure 9-50: Titrations isotherm and residual fitting of 258:241 performed in DMSO-d6 at 
constant host concentration 2.5 mM. .......................................................................................... 269 
 
  
xxii | P a g e  
 
List of Tables 
Table 1-1: Properties of various supramolecular interactions.8 ...................................................... 2 
Table 1-2: Selected association constants for host 42 and 43 in DMSO-d6.72 ................................ 12 
Table 1-3: Luminescence lifetimes for rods 127-130 and distance between RuII and 
naphthoquinone groups.180 ........................................................................................................... 27 
Table 1-4: Concentration of norbornane based crown ether compounds 138-141 required to 
observe transport of sodium or potassium cations across a lipid bilayer.182 ................................ 29 
Table 1-5: General structure of 167 and approved antiviral Cidofovir (left) and table of activity 
for compounds derived from 1 (right).191 ...................................................................................... 36 
Table 1-6: Inhibition of the M2 ion channel by various hydrocarbon polycylcics.202 .................... 37 
Table 2-1: Association constants for host 211 and 212 with dicarboxylate guests. Performed at 
2.5 mM host concentration in DMSO.*Log kA 1:2.236,237 ................................................................ 45 
Table 2-2: Binding of rigid dicarboxylates with 211. ...................................................................... 56 
Table 2-3: Binding of rigid dicarboxylates with host 212. .............................................................. 57 
Table 2-4: Binding of rigid dicarboxylates with host 232. .............................................................. 59 
Table 2-5: Binding of flexible dicarboxylates by host 231. ............................................................ 61 
Table 2-6: Binding of host 211 with angled guests. ....................................................................... 63 
Table 2-7: Binding of 212 with angled guests. ............................................................................... 65 
Table 2-8: Binding of 232 with angled guests. ............................................................................... 67 
Table 3-1: Association constants for [5]polynorbornane hosts substituted with different EWG 
with rigid guests. Error in association constant ≤ 15%, except for Log kA > 5 then error ≤ 30% due 
to decreased accuracy of data points, performed at 2.5 mM host concentration in DMSO. ....... 71 
Table 3-2: Association constants for squaramide hosts 257 & 258. Errors in the calculated 
association constant ≤ 40%. ........................................................................................................... 78 
Table 3-3: Association constants for selected squaramide and thiourea hosts. Large errors of 40% 
were calculated for host 257. ........................................................................................................ 79 
Table 3-4: Optimisation of imide formation 275. .......................................................................... 88 
Table 3-5: Association constants for host 284 with aromatic dicarboxylates. .............................. 91 
Table 3-6: Binding of rigid dicarboxylates with 271. ...................................................................... 95 
Table 3-7: Binding of flexible dicarboxylates by host 271. ............................................................ 96 
Table 4-1: Angles and ligands used for the formation of Fujita’s MnL2n MOC. ............................ 109 
Table 4-2: Summary of binding of anionic guests by cage 369.278 ............................................... 119 
Table 4-3: Ratio of epoxide products using different equiv. of t-BuOOH. ................................... 126 
xxiii | P a g e  
 
Table 5-1: Structural information collected from various analytical methods ............................ 138 
  
xxiv | P a g e  
 
List of Schemes 
Scheme 1-1: Synthesis of the first crown ether 4 (left)26 and the original molecular modelling 
with potassium guest (right).27 ........................................................................................................ 6 
Scheme 1-2: Unbound 1,3-alternate conformation of calix[4]pyrrole 44 and cone conformation 
upon fluoride binding.86,87 .............................................................................................................. 13 
Scheme 1-3: Mechanism for the oxadiazole coupling of norbornenes. 120,134 ............................... 16 
Scheme 1-4: Mechanism for the formation of [2.2.2]diazabicyclo fused norbornanes. ............... 17 
Scheme 1-5: Tautomeric rearrangement between intermediates 73 and 75.136 .......................... 17 
Scheme 1-6: Control reaction for catalyst 76 and 77. i) 20 mol% 76, benzene, 80 °C, 24 h, 65%, ii) 
20 mol% 77, benzene, 100 °C, 6 h, 78%.143 .................................................................................... 19 
Scheme 1-7: Reported catalytic cycle for Mitsudo [2π + 2π] cycloaddition.143,147......................... 19 
Scheme 1-8: Twin Mitsudo cycloaddition between norbornadiene and DMAD. i) 76, PhMe3, 100 
°C, 14 h, <10%., ii) 77, DMF, µw: 100 °C, 2 min, 76%.150 ................................................................ 20 
Scheme 1-9: Synthetic pathway for the extension of ladderane fused norbornanes.118,122.......... 20 
Scheme 1-10: Termination of the activated (top) and unactivated (bottom)  cyclobutenes.122,152
 ....................................................................................................................................................... 20 
Scheme 1-11: Mechanism for the ACE.153 ...................................................................................... 21 
Scheme 1-12: Mechanism for Weitz-Scheffer epoxidation.165 ...................................................... 22 
Scheme 1-13: Base catalysed epoxidation of 89. i) 0.3 eq. t-BuOK, t-BuOOH, THF, 21 °C, 12 h.124
 ....................................................................................................................................................... 22 
Scheme 1-14: Synthesis of fused [8]polynorbornane 116. i) 140 °C, 2 h, 19%.123 ......................... 24 
Scheme 1-15: Synthesis of bridged bisnorbornene 1. ................................................................... 24 
Scheme 1-16: Domino Diels-Alder cycloadditions showing DMAD approach from syn (top) or anti 
(bottom) face of the CPD dimer and the resulting bridged bisnorbornane adduct. ..................... 25 
Scheme 1-17:  Formation of stereoisomers 122 and 123 from the rearrangement of CPD dimer 
117.171............................................................................................................................................. 25 
Scheme 1-18: Synthesis of imides. i) Ac2O, 100 °C, 20 h, 65% over 2 steps. ii) DBU, CHCl3, 21 °C, 
24 h. iii) Ac2O, 60 °C, 4 d, 43% over 2 steps.166 .............................................................................. 28 
Scheme 1-19: Synthesis of Badjić’s molecular claw 147a-c. Compounds a: n = 1, b: n = 2, c: n = 3. 
i) OsO4, NMO, THF, 21 °C, 2 d. ii) DMSO, TFAA, NEt3, CH2Cl2, -78 °C, 6 h. iii) Ar, 8:2 CH3OH:H2O, 
CH2Cl2, -78 °C – 21 °C, 4 d.187 .......................................................................................................... 30 
xxv | P a g e  
 
Scheme 1-20: Synthesis and trapping of highly pyramidalised alkene intermediate 149. i) 
Iodosobenzene diacetate, I2, CH2Cl2, hν, 21 °C, 22 h, 61%. ii) Na, 1,4-dioxane, reflux, 4 h, 
26%.189,190 ........................................................................................................................................ 32 
Scheme 1-21: Dimerisation of diiodo 152 through pyramidalised alkene 153 (top) and 
dimerization of 155 which produces orthogonal 157 instead of the predicted 156.191,192 ............ 33 
Scheme 1-22: Highly pyramidalised alkenes generated from 152 and 158, and their ring opening 
and closing reactions. i) Na, dioxane, 100 °C, 4 h, 159 & 160 = 55%.  ii) hν, cyclohexane, 21 °C, 6 
h, 100%. iii) dioxane, 100 °C, 24 h, 100%. iv) HCl, H2O, CH3OH, 75 °C, 16 h, 99%, v) DMSO, TFAA, 
CH2Cl2, NEt3, -60 °C, 3.5 h, 60%.191 .................................................................................................. 33 
Scheme 1-23: Retrocycloaddition of 162 at ambient conditions (top) and 161 at elevated 
temperatures. ................................................................................................................................. 34 
Scheme 2-1: ACE coupling for the synthesis of [3]polynorbornanes (top) and [5] polynorbornanes 
(bottom) with staple conformation (right). i) CH2Cl2, 140 °C, 24 h, 48%. ii) THF, 140 °C, 24 h, 
58%.236 ............................................................................................................................................ 43 
Scheme 2-2: Example synthesis of the three armed [3]polynorbornane. i) EDCI, BocEDA (210), 
EDCI, CHCl3, 21 °C, 48 h, 40%. ii) DMAD (78), RuH2(CO)(PPh3)3 (77), THF, 70 °C, 72 h, 86%. iii) t-
BuOOH, t-BuOK, THF 0 °C, 28 h, 69%. iv) THF, 140-150 °C, 12-72 h, 89%. v) H2, Pd-OH/C, EtOH, 45 
°C, 48 h, 98%.237 .............................................................................................................................. 43 
Scheme 2-3: Synthesis of [3]polynorbornane framework. i) PhCH3, μw: 100 °C, 1h. ii) DMAD (78), 
Ru cat. (77), DMF, μw: 100 °C, 10 min. iii) t-BuOOH, t-BuOK, THF, 0-21 °C, 16 h. iv) DMF, μw: 150 
°C, 10 min. ...................................................................................................................................... 50 
Scheme 2-4: Synthesis of [5]polynorbornane framework. i) DMAD, DMF, PV: 90 °C, 4 h. ii) DMAD 
(78), Ru cat. (77), DMF, PV: 140 °C, 4 d. iii) t-BuOOH, t-BuOK, THF, 0-21 °C, 16 h. iv) DMF, μw: 150 
°C, 10 min. ...................................................................................................................................... 51 
Scheme 2-5: Retrosynthetic pathways for the construction of 235. ............................................. 51 
Scheme 2-6: ACE coupling of [6]polynorbornane framework 235. i) DMF, μw: 140 °C, 10 min, 
65%. ................................................................................................................................................ 52 
Scheme 2-7: Synthesis of thiourea host 232. i) TFA, CH2Cl2, 21 °C, 4 h. ii) 4-FPh-NCS, DIPEA, CHCl3, 
21 °C, 20 h, 77%. ............................................................................................................................. 53 
Scheme 3-1: Thiourea formation. i) TFA, CH2Cl2, 21 °C, 4h. ii) DIPEA, ArNCS, CHCl3, 21 °C, 20 h. . 70 
Scheme 3-2: Nucleophilic substitution of squaric esters. .............................................................. 75 
Scheme 3-3: Synthesis of squaramido esters. i) CH3OH, 21 °C, 48 h. ............................................. 75 
Scheme 3-4: Attempted synthesis of [5]polynorbornane bissquaramide host 257. i)TFA, CH2Cl2, 
21 °C, 4 h. ii) DIPEA, CHCl3, 21 °C, 20 h. .......................................................................................... 75 
xxvi | P a g e  
 
Scheme 3-5: Monosubstitution of [5]polynorbornane 203. i) TFA, CH2Cl2, 21 °C, 4 h. ii) DIPEA, 
DMSO, 20 °C, 20 h. ......................................................................................................................... 76 
Scheme 3-6: Successful synthesis of 257. i) TFA, CH2Cl2, 21 °C, 4 h. ii) DIPEA, CH3OH, µw: 100 °C, 1 
h. .................................................................................................................................................... 76 
Scheme 3-7: Retrosynthesis of centrally functionalised framework 272. ..................................... 84 
Scheme 3-8: Synthesis of diacid 133. i) KOH, CH3OH, 60 °C, 4 h, 89%. .......................................... 85 
Scheme 3-9: Synthesis of anhydride 134. i) Ac2O, CH2Cl2, 40 °C, 4 h, 99%. ................................... 85 
Scheme 3-10: Synthesis of imide 275 and amic acid 276. i) NH4OAc, AcOH, μw: 140 °C, 30 min, 
38%................................................................................................................................................. 85 
Scheme 3-11: Synthesis of central blocking unit 277 and amic intermediate 278. i) p-anisidine, 
PhCH3, μw: 150 °C, 30 min, 21% .................................................................................................... 88 
Scheme 3-12: Structure and yields for protected [6]polynorbornane frameworks. i) DMF, 150 °C, 
10 min. ........................................................................................................................................... 90 
Scheme 3-13: Deprotection and thiourea formation to afford hosts 270 and 271. i)TFA, CH2Cl2, 
21 °C, 4 h. ii)4-FPh-NCS, DIPEA, CHCl3, 21 °C, 20 h, 77%. ............................................................... 90 
Scheme 3-14: Deprotonation of host 284. i) Dipicolinate 242 or aliphatic dicarboxylates 185, 221 
or 223. ............................................................................................................................................ 91 
Scheme 3-15:  Potential deprotonated host 285 and binding of zwitterionic guest 191. ............. 99 
Scheme 3-16: Mechanism for SN2 reaction of 275. ..................................................................... 100 
Scheme 3-17: Example of a [5]polynorbornane macrocycle incorporating an azobenzene switch.
 ..................................................................................................................................................... 101 
Scheme 3-18: Transesterification reaction of 192 (top) and of DMAD (bottom). i) Diglycol, H2SO4, 
65 °C, 8 h. ..................................................................................................................................... 102 
Scheme 3-19: Synthesis of fulvenes. ............................................................................................ 102 
Scheme 3-20: Diels-Alder cycloaddition of 927 and 298. i) EtOAc, 21 °C, 2 h. ............................ 102 
Scheme 4-1: Self-assembly of Saalfrank’s M4L6 tetrahedral cage.299,300 ...................................... 104 
Scheme 4-2: Dimerisation of Rebek’s tweezers to form a molecular capsule.301 ....................... 105 
Scheme 4-3: Diels-Alder cycloaddition catalysed by capsule 304. i) 304, p-xylene-d10, 21 °C.301 105 
Scheme 4-4: Self-assembly of Fujita’s M6L4 cage. i) H2O, 21 °C.302 .............................................. 106 
Scheme 4-5: Diels-Alder reaction catalysed by cage 311. i) D2O, 85 °C.307 .................................. 106 
Scheme 4-6: Trapping of reactive intermediates by cage 311. i) D2O, 21 °C, 5 min. ii) 60 min.308
 ..................................................................................................................................................... 107 
Scheme 4-7: Synthesis of ligands and self-assembly of Nitschke's tetrahedral cage. i) FeSO4, 
NMe4OH, H2O, 21 °C.309 ................................................................................................................ 107 
xxvii | P a g e  
 
Scheme 4-8: Encapsulation and stabilisation of white phosphorous by cage 322.309 ................. 108 
Scheme 4-9: Ejection of white phosphorous from cage 322.309 ................................................... 108 
Scheme 4-10: Construction of M30L60 cage and conversion to M48L96. i) [Pd(BF4)2](CH3CN)4, DMSO-
d6, 21°C, 3 h. ii) 70 °C, 48 h. .......................................................................................................... 110 
Scheme 4-11: Self-assembly of functionalised M12L24 cages.317 ................................................... 110 
Scheme 4-12: Self-Assembly of M2L4 cages based on fused [3]polynorbornane ligands. i) 
[Pd(BF4)2](CH3CN)4, CD3CN, 70 °C, 30 min.322 ............................................................................... 111 
Scheme 4-13: Multicomponent synthesis of [5]polynorbornane ligands 344 and 345. i) 170 °C, 10 
min.323 ........................................................................................................................................... 113 
Scheme 4-14: Self-assembly of M1L2 butterfly complex. i) [Pd(BF4)2](CH3CN)4, CD3CN, 70 °C, 30 
min.323 ........................................................................................................................................... 113 
Scheme 4-15: Ester functionalised [6]polynorbornane ligands for MOC. i) DMAD, 
[RuH2(CO)(PPh3)3], DMF, 100 °C, 48 h, 65%. ii) t-BuOOH, t-BuOK, THF, 0-20 °C, 24 h, 54%. iii) 
DMF, µw: 150 °C, 10 min.280 ......................................................................................................... 115 
Scheme 4-16: Synthesis of central pyridyl ligands 361 & 362. i) DMAD, [RuH2(CO)(PPh3)3], DMF, 
µw:100 °C, 10 min, 82%. ii) PhCH3, 150 °C, 48 h, 78%. iii) 170 °C, 5 min, 99%. iv) t-BuOOH, t-
BuOK, THF, 0-20 °C, 16 h. v) DMF, µw: 150 °C, 10 min.280 ............................................................ 116 
Scheme 4-17: Self-assembly of ligand 362 with PdII into an M3L4 cage 363. i) [Pd(BF4)2](CH3CN)4, 
CD3CN, 70 °C, 30 min.280 ............................................................................................................... 117 
Scheme 4-18: Synthesis of ligand 364. i) DMF, µw: 150 °C, 10 min, 80%.280 ............................... 117 
Scheme 4-19: Synthesis of ligand 365 (top) and self-assembly into M3L4 cage 366 (bottom). i) 
DMF, µw: 150 °C, 10 min, 97%. ii) [Pd(BF4)2](CH3CN)4, CD3CN, 70 °C, 30 min.280 ......................... 118 
Scheme 4-20: Synthesis of imide functionalised ligands 367 and 368. i) DMF, µw: 150 °C, 10 
min.281,327 ...................................................................................................................................... 118 
Scheme 4-21: Self-assembly of M2L4 cage 369. i) [Pd(BF4)2](CH3CN)4, CD3CN, 70 °C, 30 min. ..... 119 
Scheme 4-22: Synthetic plan for accessing epoxides 381 and 382. ............................................. 124 
Scheme 4-23: Mitsudo cycloaddition to afford cyclobutene 356. i) RuH2(CO)(PPH3)3, DMF, 
µw:100 °C, 10 min, 78%. ............................................................................................................... 124 
Scheme 4-24: Imide formation to afford picolyl 369. i) CHCl3, 21 °C, <1 min. ii) NEt3, µw: 120 °C, 1 
h. ................................................................................................................................................... 125 
Scheme 4-25: Imide formation to afford pyridyl 368. i) CHCl3, 21 °C, <1 min. ii) NEt3, µw:120 °C, 1 
h. ................................................................................................................................................... 125 
Scheme 4-26: Epoxidation to afford the cyclobutane epoxide 371. i) t-BuOOH, t-BuOK, THF, 0-21 
°C, 16 h. ........................................................................................................................................ 127 
xxviii | P a g e  
 
Scheme 4-27: Epoxidation to afford the cyclobutane epoxide 381. i) t-BuOOH, t-BuOK, THF, 0-21 
°C, 16 h. ........................................................................................................................................ 128 
Scheme 4-28: ACE coupling of 1 and 382. i) DMF, 150 °C, 10 min, 60%. ..................................... 128 
Scheme 4-29: Proposed synthesis of ligand 388. ........................................................................ 133 
Scheme 4-30: Self-assembly of M30L60 cage 394 by Fujita et. al..337 ............................................ 134 
Scheme 4-31: Example synthesis of multicoordinate ligand 397 using known cyclobutane epoxide 
396. .............................................................................................................................................. 135 
Scheme 4-32: Covalent cage constructed by Doonan et. al.338 (top) and possible norbornane 
based mimic (bottom). i) CuCl, Cu(OAc)2, pyridine, Ar, 65 °C, 2 h, 20%.338 ................................. 136 
Scheme 4-33: Covalent cage 402 constructed by Cooper et. al.. i) EtOAc, 21 °C, 60 h.340 .......... 137 
Scheme 4-34: Proposed synthesis of imine linked covalent cage. .............................................. 137 
Scheme 5-1: Complexation of host 409 and guest 410. i) CDCl3.110,111,113.................................... 150 
 
  
xxix | P a g e  
 
Abbreviations and acronyms 
1D One dimensional 
2D Two dimensional 
ACE Alkene cyclobutane epoxide 
ArNCS Aromatic isothiocyanate 
B0 Magnetic field 
BABA Back to Back excitation  
Boc tert-butylcarbamate 
bocEDA tert-butylcarbamate ethylenediamine 
CDV Cidofovir 
COF Covalent organic framework 
COSY Correlation spectroscopy 
CPD Cyclopentadiene 
CPMAS Cross polarisation magic angle spinning 
CRAMPS Combined rotation and multiple-pulse spectroscopy 
CSA Chemical shift anisotropies 
DIPEA Diisopropylethylamine 
DMAD Dimethylacetylene dicarboxylate 
DMF N,N-Dimethylformamide 
DMSO Dimethylsulfoxide 
DQ Double quantum 
DSC Differential scanning calorimetry 
E CO2CH3 
EC50 Effective concentration 50% 
xxx | P a g e  
 
EDA Ethylenediamine 
EDCI 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
EFG Electric field gradient 
equiv. Equivalents 
ESI Electro spray ionisation 
EtOAc Ethyl acetate 
EWG Electron withdrawing group 
FDA Food and drug administration 
FSLG Frequency switched Lee-Goldburg 
HETCOR Heteronuclear correlation spectroscopy 
HMBC Heteronuclear multiple-bond correlation 
HRMS High resolution mass spectrometry 
HSQC Heteronuclear single quantum coherence  
IR Infrared spectroscopy 
MAS Magic angle spinning 
MIC Minimum inhibitory concentration 
MOC Metal organic cage 
MOF Metal organic framework 
MS Mass spectrometry 
NMO 4-Methylmorpholine-N-oxide 
NMR Nuclear magnetic resonance 
OD Oxadiazole 
PET Photoelectron transfer 
Pet. Sp.  Petroleum ether 40-60 °C 
xxxi | P a g e  
 
PPAR Peroxisome proliferator-activated receptor 
PV Pressure vessel 
Rf Retention factor 
Ru Cat.  Ruthenium catalyst 
SAR Structure activity relationship 
SQ Single quantum 
SSNMR Solid state nuclear magnetic resonance 
TFA Trifluoroacetic acid 
TFAA Trifluoroacetic anhydride 
THF Tetrahydrofuran 
TMA Tetramethylammonium  
TOF Time of flight 
TPPM Two-pulse phase modulated 
UNSW University of New South Wales 
VT Variable temperature 
XRD X-ray powder diffraction 
µw microwave 
 
  
xxxii | P a g e  
 
Abstract 
The ability to rapidly construct rigid scaffolds in a predetermined manner is crucial to the 
development of supramolecular chemistry. As such understanding how the size and shape of the 
scaffold affects their function is of key importance. The fused [n]polynorbornane scaffold was 
selected for study as they can be synthesised in a range of sizes and shapes and easily 
functionalised. Three aspects of study were pursued each involving polynorbornane frameworks, 
i) size and shape effects on anion binding, ii) self-assembling coordination cages and iii) solid-state 
NMR methods to study supramolecular interactions in the solid state.  
To this end a series of fused [3], [5] & [6] polynorbornane scaffolds have been synthesised 
highlighting the ability to rapidly synthesise these structures in a range of shapes and sizes with 
various functional groups. In order to fully probe the effects of these scaffolds a range of 
dicarboxylate guests have been used to probe the binding cleft of bisthiourea functionalised hosts. 
Hosts were also synthesised which incorporated central functionality in the form of positive or 
negative supramolecular interactions in an attempt to enhance selectivity.  
In order to demonstrate the versatility of the [n]polynorbornane frameworks several 
[6]polynorbornanes have been functionalised with pyridine groups to act as ditopic ligands. The 
ligands are capable of forming coordination bonds with metals (PdII & PtII) and self-assemble into 
discrete cages. These cages allow supramolecular chemists to rapidly construct large structures 
through simple building units. Importantly the bridged bisnorbornane used to construct the 
[6]polynorbornane ligands can be functionalised to introduce functional groups directly into the 
cage interior. This option allows for tuning of the cage interior to perform a range of tasks.  
The ability to accurately examine solid state structures is crucial in the design and monitoring of 
new functional materials. As such new methods for analysing solid states materials that can be 
applied to a range of materials and offer both structural and dynamic information on the solid are 
of high importance. Several solid state NMR methods have been utilised to study a poorly 
crystalline [5]polynorbornane host and host guest complex. These studies offered detailed 
information on the structure and behaviour of the complex that could not be observed using other 
solid state methods. 
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Plain English summary 
A number of structurally defined compounds that exist in a ‘staple’ shape have been synthesised. 
These staples are capable of interacting with (or ‘hosting’) molecules (or ‘guests’) in solution. In 
chapter 2 and 3 a range of ‘guests’ were bound by different ‘hosts’ in order to determine how the 
size and shape of the hosts favours specific guests.  
In chapter 4 the staples were designed to recognise metals in solution. By controlling all angles in 
the staples and selecting appropriate metals the components can assemble to form more complex 
structures in solution. The staples were designed to form large spherical shells that can hopefully 
be tuned to perform specific tasks in the future such as catalysis.  
In chapter 5 new methods of studying solid materials were used to examine the host guest 
relationship in the solid state. Key results indicate that considerable motion of the host and guest 
occurs even in the solid state. 
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1 Introduction  
In this chapter two core concepts of supramolecular chemistry, preorganisation and 
complementarity, will be outlined. The use of these concepts in the development of the field of 
anion recognition will follow with examples of both simple receptors and well defined 
frameworks. The advantages of using fused polynorbornanes and the various methods of 
synthesising such frameworks will be provided using key examples from the literature. Finally, the 
chapter will provide an in depth review of the literature on the synthesis and use of the bridged 
bisnorbornene 1 as it is the key building block used in this project.  
 
1.1 Supramolecular chemistry 
The ‘chemistry beyond the molecule’ definition of supramolecular chemistry was coined in 1978 
by Jean-Marie Lehn, although the field had been active since the 1950’s.1,2 The contribution of 
supramolecular chemistry to science was acknowledged with the 1987 Nobel prize for chemistry 
awarded to Donald Cram (spherands 2), Jean-Marie Lehn (cryptands 3) and Charles Pedersen 
(crown ethers 4), Figure 1.3-5 The three laureates developed their respective systems for 
recognising specific cationic “guest” molecules by using larger “host” molecules. In 2016 the Nobel 
prize was also awarded to supramolecular chemists Jean-Pierre Sauvage, Sir J. Fraser Stoddart and 
Bernard L. Faringa “for the design and synthesis of molecular machines” demonstrating the strong 
and lasting influence of the field of supramolecular chemistry.6  
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Figure 1-1: The 1987 Nobel Laureates Charles Pederson (left), Jean-Marie Lehn (middle) and Donald Cram (right) with 
an example of their respective hosts.3-5 
Further, Lehn described supramolecular chemistry as the use and study of non-covalent 
interactions between molecules.7 These interactions include hydrogen bonding, van der Waals 
forces, ionic bonds, halogen bonding, metal coordination bonds and π-π interactions among 
others, all of which are generally weaker than traditional covalent bonds, Table 1-1. Some of these 
bonds are highly directional (require strict alignment of the atoms involved) which must be 
enforced to achieve strong interactions. These interactions are also reversible often allowing 
thermodynamic control in the formation of larger entities 
Table 1-1: Properties of various supramolecular interactions.8 
 Strength (kJ mol-1) Directional 
Hydrogen  4 – 120 Yes 
van der Waals <5 No 
Ionic 100 – 300 No 
Halogen  10 – 50 Yes 
Coordination 100 – 300 Yes 
π-π 2 – 50 Yes 
 
Supramolecular host systems are typically designed to form multiple weak bonds with targets so 
that the overall strong interaction is a sum of these interactions.2 In terms of host:guest chemistry 
the sites responsible for these interactions must be arranged in a manner that matches the guest; 
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a concept known as complementarity.9 The system must also have a well-defined structure as a 
whole so that the complementary groups are geometrically arranged in areas suitable for binding 
of the guest i.e. the host must be preorganised.9 These two core concepts will be discussed in 
detail with examples from the literature.  
 
1.1.1 Complementarity  
For strong binding to occur between molecules the appropriate recognition units must be selected 
to match functional groups found on the target ‘guest’ compound. A broad generalisation is that 
an electron rich site will interact with an electron poor area.  
The two main intermolecular interactions used in this project are hydrogen bonding, for anion 
recognition, and coordination bonds, for metal organic cages, and these will be explained in some 
detail with examples in which complementarity plays a role.  
1.1.1.1 Hydrogen bonding 
As its name suggests hydrogen bonding is “an attractive force between a hydrogen atom and an 
atom or group of atoms in the same or different molecule, in which there is evidence of bond 
formation”.10 The hydrogen atom must be bound to an atom that is more electronegative and  
together are known as the hydrogen bond donor. The atom or group of atoms that receives the 
hydrogen bond is known as the acceptor and typically contains a lone pair of electrons.11  
The strength of hydrogen bonds can range from 2 kJ mol-1, similar to van der Waals interactions 
up to 170 kJ mol-1, approaching the energy of covalent bond.12 The orientation of the hydrogen 
bond can be correlated to the strength, with strong bonds forming as the Donor─H∙∙∙∙Acceptor 
angle approaches 180°, Figure 1-2.1,12,13 The strength of hydrogen bonds can also be related to the 
length of the bond with strong bonds occurring between 1.2 and 1.5 Å (H∙∙∙∙Acceptor).8 As such an 
array of hydrogen bonds can be used to complement specific guests.14  
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Figure 1-2: Change in hydrogen bond strength against deviation from the optimal angle for various hydrogen bonds. 
Adapted from Scheiner and Nepal.15 
In nature hydrogen bonding is used as the primary interaction responsible for encoding 
information in DNA. The opposing base pairs are complementary to each other with Cytosine and 
Guanine forming three linear hydrogen bonds and Adenine and Thymine forming two hydrogen 
bonds, Figure 1-3. Other examples in which hydrogen bonding is critical in nature include the 
secondary and tertiary structure of proteins and the antibacterial action of vancomycin.16 
 
Figure 1-3: Complementary hydrogen bonds between the base pairs of DNA. 
1.1.1.2 Dative (or coordination) bonds 
The other type of intramolecular interaction employed in this project are coordination, or dative 
bonds. Both coordination and covalent bonds share an electron pair between two atoms. In 
covalent bonds a single electron is donated from each species, however, in dative bonds both 
electrons are donated from a single species.11,17-20 The resulting bond is highly dipolar and is also 
weaker and of greater length (1.66 Å for H3N→BH3 a strong coordination bond)21 than a covalent 
bond (average C─H bond ≈ 1.09 Å).18 Nevertheless, coordination bonds range in strength from 100 
– 300 kJ mol-1, ranking them among the strongest supramolecular interactions.8 
Coordination bonds require orbital overlap between the lone pair of electrons of the donor 
(ligand) and an empty orbital of the acceptor. As such the bonds are highly directional, with the 
steric effects of the ligand also playing a minor role.22 In nature coordination bonds occur between 
proteins with transition metal centres such as heme from red blood cells and chlorophyll from 
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plants, Figure 1-4.23-25 In heme the ironII centre forms two ionic and two coordination bonds 
(highlighted in yellow) between the four pyrrole groups of the porphyrin ring. The bound iron can 
form additional coordination bonds with oxygen allowing the transport of oxygen throughout the 
body.23,24 The magnesiumII metal centred porphyrin of chlorophyll a, found in plants, plays a key 
role in photosynthesis.25 
 
Figure 1-4: Structure of heme (left) and chlorophyll a (right), coordination bonds (highlighted).23-25 
 
1.1.2 Preorganisation 
Using recognition groups complementary to the desired target (eg. urea for carboxylates) is an 
efficient way to target specific families of guests, however, selectivity within these families can be 
difficult. For instance, a large number of carboxylates of varying size exist, nevertheless 
discrimination can be achieved using highly preorganised hosts. Rigid frameworks can be used to 
position binding sites into the appropriate location for the desired guests. The preformed binding 
pockets can also be created of an appropriate size and shape to exclude unwanted guests. Hosts 
which have the correct conformation for binding avoid the entropic penalties required for 
rearrangement of the host to the optimal binding conformation.2  
The Nobel laureates Pederson, Lehn and Cram all demonstrated and utilised the concepts of 
preorganisation and complementarity to develop hosts capable of recognising cations in solution.  
 
1.1.3 Crown ethers, cryptands and Spherands 
The first crown ethers were isolated by Pederson when, while trying to access 14 from 12, a side 
reaction between a catechol (11) impurity (≈10%) and bis(chloroethyl)ether (13) produced 4 albeit 
in low yield ≈0.4% (Scheme 1-1). Intrigued by the fine white crystals Pederson began 
characterisation of 4 noting unusual UV properties and enhanced solubility in the presence of 
sodium cations. The unusual large macrocycle was able to form 1:1 complexes with cations, which 
were located inside the central pore through electrostatic interactions. The act of “crowning” the 
cations by the macrocycle provided the host with the name crown ether.26 
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Scheme 1-1: Synthesis of the first crown ether 4 (left)26 and the original molecular modelling with potassium guest 
(right).27  
Pederson synthesised over 60 members of the crown ether family in order to determine the 
driving factors behind their recognition properties.27 Strong binding between the cation and 
macrocycle required the host pore to complement the guest diameter. Electrostatic repulsion of 
the ether linkages of the free host preorganises a pocket capable of binding the guest. The 
preorganisation from the macrocycle was noted to have a large effect on the strength of binding. 
Much weaker association constants were observed for the ‘podand’ homologue 15 compared to 
the ring closed crown ether 4, Figure 1-5. This specific form of preorganisation was termed the 
macrocyclic effect.26 
 
Figure 1-5: Association constants for crown ether 4 and podand homologue 15 with potassium cations in CH3OH.26,28 
Lehn used the findings to design polymacrocyclic hosts by bridging the crown ethers creating 
‘bridged’ molecules with cavities called cryptands. Increasing the number of oxygen atoms 
capable of coordinating the cation successfully improved the binding constant. The macrocyclic 
effect was again demonstrated. Reductions in binding affinity were recorded for the lariat ether 
16 compared to cryptand 3 despite the same number of oxygen atoms, Figure 1-6.29 
 
Figure 1-6: Association constants for cryptand 3 and lariat ether 16 with potassium cations in 95:5 CH3OH:H2O.28 
The strongest evidence for the effect of preorganisation on guest recognition was provided by 
Cram with the synthesis of spherand 2.30 The macrocycle consisted of six phenyl rings whose only 
stable conformation orientates the methyl ether groups into the central cavity alternating above 
and below the binding plane (Figure 1-7). The methoxy groups are angled either above or below 
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the plane of the macrocycle due to steric repulsion but effectively create a pore lined with 24 
valence electrons from the 6 ether oxygens.  
The podand homologue (17) has free rotation around the bonds connecting the aromatic rings as 
well as between each methoxy and the corresponding phenyl. The molecular motion allows 17 to 
adopt >1000 different conformations, of which only two are suitable for cation recognition.31 The 
entropic costs associated with forming an ordered structure for binding result in a small 
association constant. For preorganised host 2 the entropic penalties have been overcome in the 
synthetic pathway.32 The improved preorganisation of 2 resulted in observed binding constants 
10^12 times greater than that of the flexible podand 17.31 
 
Figure 1-7: Preorganised spherand 2 and the acyclic homologue 17 green arrows indicate freely rotating bonds.31 
The crown ethers, cryptands and spherands are key families of cation receptors that clearly 
demonstrate the concepts of both preorganisation and complementarity for supramolecular 
host:guest recognition. Some applications of compounds based on these families include ion 
separation33-35, phase transfer catalysts36 and transmembrane transporters.37 
 
1.2 Anion Recognition 
Due to the different properties of cations and anions the field of anion recognition has developed 
at a slower rate than that of cation recognition. While the alkali earth cations are spherical, anions 
often exist in complex three-dimensional structures, Figure 1-8. Spherical anions are also typically 
larger than isoelectric cations and as such have a lower charge density.38 The solvent effects for 
cations are also much weaker than those of anions resulting in much more competitive 
environments for anions.39 Despite these obstacles for achieving selective and strong binding, 
several families of preorganised hosts for anions have now been developed. 
 8 | P a g e  
 
 
Figure 1-8: Structure of oxalosuccinate (18 top left), lipid A (19 bottom left) and a section of DNA (20 right).  
 
1.2.1 Simple urea hosts  
The complementary structure of two hydrogen bond donors present in ureas was first utilised by 
Wilcox and Hamilton, Figure 1-9.40,41 The two groups synthesised their respective urea and 
thiourea hosts to bind anions in solution. The strong binding was caused by the ‘Y’ shape of the 
urea moiety which was highly complementary to the anions tested, especially carboxylates. 
Increasing the acidity of the hydrogen bond donors, by installing electron withdrawing groups 
(EWG), was found to have a strong correlation with binding affinity.40-42 
 
Figure 1-9: First urea and thiourea hosts synthesised by Wilcox 21 (left) and Hamilton 22 (right) with anionic 
guests.40,41 
It has been demonstrated that a single nitrogen atom of the urea or thiourea moiety, can be 
functionalised with an EWG to achieve strong binding with anions.42,43 The remaining nitrogen can 
then be used to incorporate additional functionality. Several groups, including Gunnlaugsson, 
have used this approach to attach reporter groups such as the fluorescent naphthalimide (host 
23), Figure 1-10.44-47 The fluorescence of 23 is turned off due to photoinduced electron transfer 
(PET) upon binding of anions by the thiourea.44 
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Figure 1-10: Gunnlaugsson’s turn off fluorescent anion sensor.44 
The use of multiple binding groups has been used to enhance binding affinity and selectivity. Gale 
et. al.48 used indole substituted ureas to introduce two additional hydrogen bond donors directed 
into the binding cleft (24), Figure 1-11. The simple hosts bound strongly to carboxylates and 
phosphates (kA > 104) but only showed weak interactions with chloride (kA = 128).48 When 
compared to phenyl substituted ureas (25) the binding was much stronger.48  
 
Figure 1-11: Binding of acetate by host 24 and 25.48 
Hosts that are selective for larger guests have been synthesised by incorporating several thiourea 
recognition groups onto preorganised frameworks. Simple polyaromatic hydrocarbon frameworks 
such as anthracene have been functionalised with bisthiourea ‘arms’ (for example Figure 1-12). 
Strong binding of this host to dianionic guests was accomplished in a 1:1 host:guest ratio. Strong 
binding was also observed for the monoanionic guests in a 1:2 host guest ratio.49,50 The 
functionalisation of even larger more complex frameworks has the potential to achieve even 
greater levels of selectivity between anionic species.  
 
Figure 1-12: Bisthiourea host 26 binding with dicarboxylates (left) and acetate (right).49,50 
As the thioureas are the primary anion recognition group used in this project this section has solely 
focused on their development. However, many other recognition groups have been shown to 
effectively bind, or contribute to the binding of anions, Figure 1-13. Some of the neutral 
recognition groups include amides51 (particularly as components of cyclic peptides)52, 
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guanidines53, squaramides54, pyrroles55 and indoles48. Non-traditional anion binding groups 
include aromatic C-H hydrogen bonds donors such as napthalimides56 and 1,2,3-triazoles57,58. 
Electron withdrawing aromatics have also been shown to enhance binding through anion-π 
interactions,59 while the use of halogen bonds has been shown to bind halides even more 
effectively than hydrogen bonds.60,61  Protonation of receptors, such as guanidine, can improve 
binding through electrostatic interactions. Other charged receptors include immidazolium62,63, 
metallocenes64,65 and coordination complexes such as Zn:dipicolylamine units.66-68 
 
Figure 1-13: Structure of neutral, non-traditional and charged (right) anion binding groups. 
 
1.2.2 Complex preorganised frameworks 
1.2.2.1 Calix[n]arenes 
Calix[n]arenes are oligomeric macrocycles consisting of 2,6-phenol units bridged with methylene 
units. The cyclic framework inherently adopts an amphiphilic cone structure. The narrow face of 
the cone or ‘lower’ rim is lined with hydroxyl moieties, while the ‘upper’ rim has a larger opening 
which can incorporate a wide range of functional groups, Figure 1-14. The phenyl cores possess a 
hydrophobic pocket capable of encapsulating guests. A variety of anion recognition moieties have 
been attached to both the upper and lower faces to create selective hosts.69 
 
Figure 1-14: General structure of calix[4]arene and cartoon representation of the bowl structure. 
Ungaro et. al. synthesised calix[4]arenes with urea or thiourea recognition groups attached to the 
upper rim such as 40, Figure 1-15. Selective 1:1 binding was observed in DMSO for host 40 with 
carboxylates, specifically acetate (Log kA = 3.34). Mono functionalised hosts, including 41 were 
also synthesised and evaluated for binding. Lower association constants were reported for all 
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guests with monourea 41 compared to bisurea 40, Figure 1-15. The increase in binding by a factor 
of 27 for acetate by host 40 clearly demonstrates the effect of increasing the number of  binding 
sites within the host.70  
 
Figure 1-15: Structure of calix[4]arene thiourea hosts synthesised by Ungaro et. al.70 
Calix[4]arene scaffolds functionalised with amide linked cobaltocenium have shown promising 
anion recognition properties. The cobaltocenium acts as a redox responsive reporter group and 
anions were bound through a combination of electrostatic and hydrogen bonding.71,72 Beer et. al. 
synthesised ‘upper’ rim biscobaltocenium calix[4]arenes 42 and 43 to explore the effects of 
preorganisation on anion binding, Figure 1-16. By attaching tosylate groups at different positions 
on the ‘lower’ rim the preorganisation of the amides at the ‘upper’ rim could be modified. To 
minimise the steric interactions between the tosylate groups the attached phenylenes are forced 
to rotate further out of the plane of the calixarene. When the recognition groups are syn to the 
tosyl groups, as in host 42, the cobaltocenium ‘arms’ converge into the binding cleft. In the anti 
substituted host 43, the tosyl groups have a minimal effect on the binding ‘arms’ and they retain 
a divergent orientation. Single crystal X-ray crystallography confirmed the structure of hosts.73 
 
Figure 1-16: Structure of calix[4]arene hosts functionalised with cobaltocenium, synthesised by Beer et. al.73 
Evaluation of the recognition properties of host 42 and 43 revealed remarkably different 
selectivity, Table 1-2. Selective binding for acetate (KA = 21000 M-1) was observed along with 
weaker binding for other carboxylates and phosphate (KA = 2000 – 8000 M-1) with host 42 in 
DMSO.73 Much weaker associations were reported for the carboxylate guests with host 43 (KA ≤ 
830 M-1). The recognition of phosphate was largely retained (KA = 2500 M-1) however, creating a 
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host that was more selective for phosphates.73 Small modifications to the calixarene framework 
enhanced  the selectivity of the framework by controlling the complementarity of the binding 
groups.  
Table 1-2: Selected association constants for host 42 and 43 in DMSO-d6.73 
 kA 
Guest Host 42 Host 43 
CH3CO2- 21000 820 
PhCO2- 4025 620 
BnCO2- 8100 830 
H2PO4- 3100 2500 
Cl- weak 400 
 
A plethora of calixarene hosts have been functionalised with different recognition groups 
including ferrocenyl74, bipyridyl75,76 and imidazolium77-80 among others. Larger calix[n]arenes 
incorporating 5, 6 or 8 phenyl units have also been synthesised to increase the number of 
complementary binding groups or preorganise the cleft for larger guests.81-83 
 
1.2.2.2 Calix[n]pyrroles 
A natural evolution of the calixarene framework for anion recognition was to incorporate 
hydrogen bond donors into the scaffold itself. The condensation reaction between pyrrole and 
acetone had been reported by Bayer in 1886 and has since been used for the artificial synthesis 
of porphyrins.84,85 Host 44 was named calix[4]pyrrole by Sessler et. al. due to the structural 
similarities between it and calixarenes.86 A 1,3-alternate conformation was observed for the 
calix[4]pyrroles unlike the cone structure of the calixarenes. However, upon addition of an anionic 
guest the calix[4]pyrrole was observed to adopt the cone structure. The rearrangement was driven 
by the formation of four favourable hydrogen bonds to the guest (Scheme 1-2). Unfunctionalised 
calix[4]pyrrole frameworks were found to bind the anions based on basicity F->Cl>-Br->HPO4-.86 
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Scheme 1-2: Unbound 1,3-alternate conformation of calix[4]pyrrole 44 and cone conformation upon fluoride 
binding.86,87 
Modifications to the calix[4]pyrrole framework by the groups of Lee and Sessler focused on 
‘strapping’ the calix[4]pyrrole to form cryptands. A small family of cryptands were synthesised 
with N-H, C-H or without hydrogen bond donors to study their effect on anion recognition, Figure 
1-17. A drastic increase in the binding of chloride was observed for 45c (Log kA = 7.26) compared 
to the unfunctionalised 44 (Log kA = 5.34).88,89 Interestingly, a substantial increase in binding was 
also recorded for 45a (Log kA = 6.34) highlighting the significant contribution of C-H hydrogen bond 
donors.89,90 The weakest binding reported was for 45b which was ‘strapped’ with a hydrogen bond 
acceptor rather than a hydrogen bond donor.  
 
Figure 1-17: Structure of bridged calix[4]pyrroles with various hydrogen bond donors.89 
Many other preorganised frameworks have been utilised in the design of anion recognition hosts 
such as the naturally occurring cyclodextrins (46)91,92, porphyrins93 and steroidal based cholic acid 
receptors (47).94 Some of the synthetic frameworks include a variety of polypeptide chains95-97, 
macrocyclic curcubiturils (48)98-100 and pillarenes(49)101, cyanostars (50)102, threaded macrocycles 
(rotaxanes)61,103 and interlocked macrocycles (catenanes)104, Figure 1-18. Some of these 
frameworks are readily available or easily synthesised frameworks however, they tend to be 
limited in the size and degree of functionalisation for the hosts. While more complex frameworks 
often require individual synthetic pathways making it hard to synthesise a range of hosts to target 
specific guests. As such preorganised frameworks that can be rapidly prepared in an array of 
different shapes and sizes and easily functionalised to recognise specific guests have an enormous 
range of applications. 
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Figure 1-18: Structure (top) and cartoon (bottom) of preorganised frameworks. 
 
1.3 Fused polynorbornanes 
One method for constructing a family of preorganised frameworks is to use a modular synthetic 
pathway where if specific building blocks are  exchanged the dimensions or shape of the host are 
adjusted.105 Norbornanes are a 1,4-methylene bridged cyclohexane held in a strictly rigidified 
conformation. Norbornanes can be synthesised predictably and efficiently through the use of well-
established Diels-Alder cycloadditions.106 A variety of synthetic methodology has been developed 
for fusing norbornanes to create larger structures which retain the rigid properties of norbornane. 
The norbornane unit can also be functionalised at either an endo or exo position with respect to 
the bridging methylene, Figure 1-19. When multiple units are fused the same descriptors are used 
to define the orientation of each norbornane. 
 
Figure 1-19: Norbornane unit with stereo descriptors for functionalisation (left) and possible configurations of fused 
polynorbornanes. 
Macrocyclic fused polynorbornanes such as kohnkene (55) and trinacrene (56) have been 
synthesised by Stoddart et. al., Figure 1-20.107-109 The large covalent structures form molecular 
belts and capsules which contain a hydrophobic pocket. Although kohnkene has been used to 
synthesise other aromatic belts the poor yields realised in the synthesis of trinacrene has hindered 
further study.  
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Figure 1-20: Fused norbornane macrocycles kohnkene (left) and trinacrene (right).108,109 
Klärner et. al. constructed molecular tweezers consisting of alternating norbornane and aromatic 
units, Figure 1-21. The norbornane units enforced well defined curves between the aromatic units 
while the aromatic units controlled the distance between the corners and therefore size of the 
tweezers. The hosts were capable of binding a series of neutral and cationic guests through a 
combination of aromatic and hydrophobic interactions.110-113  More recently the tweezers have 
been functionalised with phosphate side groups (59) from the central aromatic scaffold. These 
hosts have been shown to selectively bind to lysine residues and show potential for targeted 
treatment of diseases such as Alzheimer’s.114  
 
Figure 1-21: Norbornane based molecular tweezer’s synthesised by Klärner’s.110,111,114 
The synthetic methodology used in this project to fuse norbornane units was initially developed 
by the groups of Padden Row and Warrener. 105,115-124 The methodology was used to synthesise a 
range of rigid ‘rods’ which were functionalised at either end and called molecular racks or 
‘molracs’, Figure 1-22.125 Through careful selection of coupling techniques a variety of molracs 
with different dimensions and topology were synthesised. Altering the number of norbornanes in 
the molrac controlled the distance between the functionalised ends. Different coupling methods 
and conditions could be used to install specific turns in the molrac allowing the synthesis of 
curved115,126 or straight118,122 rods, staples127, tweezers128-130, pincers116,131 and macrocycles.132  
 
 16 | P a g e  
 
 
Figure 1-22: Structure of norbornane based molracs.115,116 
Fused polynorbornane frameworks have been synthesised with an array of functional groups for 
an assortment of applications. The 3,6-dipyridylpyridazine molracs (62 & 63) seen above are 
capable of coordinating copper and self-assembling into molecular grids.116 Photoactive units such 
as metallated 1,10-phenanthroline have been coupled with photoquenchers to study electron 
transfer effects which will be discussed later (section 1.4.2.1). Johnston et. al. have synthesised 
molracs containing both flexible and rigidly linked porphyrins to create molecular ‘tweezers’ that 
bound bispyridyl guests.121,128,129  
 
1.3.1 Oxadiazole coupling 
The first coupling using 2,5-bis(trifluoromethyl)-1,3,4-oxadiazole (OD, 65) was reported by Vasiliev 
in 1986.133 The reaction involves fusion of two alkenes by formation of a new oxanorbornane, 
Scheme 1-3. A Diels-Alder cycloaddition between a norbornene (64) and the OD forms a dinitrogen 
oxanorbornane intermediate 66 which rapidly eliminates nitrogen gas to give a carbonyl ylide 
intermediate 67.  The intermediate is a 1,3-dipolar species that can undergo [4π+2π] cycloaddition 
with another alkene to afford the fused product.120,134 
 
Scheme 1-3: Mechanism for the oxadiazole coupling of norbornenes. 120,134 
Originally performed at high temperatures, Warrener et. al. demonstrated that the reaction could 
also be performed under high pressures at room temperature.117 The authors also observed that 
while norbornene structures still promote the formation of the exo,exo stereoisomer addition of 
7-oxanorbornenes like 69, favour the exo,endo isomer. The change in isomeric selectivity was 
attributed to electronic repulsion between the oxygen lone pairs of the two reagents as seen in 
Figure 1-23. 
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Figure 1-23: Hindered approach (left) of oxanorbornene 69 to carbonyl ylide intermediate 67 and energetically 
favoured approach (right). 
Either exo,exo or exo,endo products can be selectively achieved by controlling the atom in the 
bridge position of the norbornenes. Unfortunately, the reaction of mixed alkenes results in a 
mixture of like and unlike fused products, which prevents the predictable synthesis of non-
symmetric fused norbornanes using the oxadiazole coupling method.  
 
1.3.2 Tetrazine coupling  
A [2.2.2]diazabicyclo linker can be installed by inverse electron demand Diels-Alder cycloaddition 
of an alkene to an electron deficient 1,2,4,5-tetrazine such as 71, Scheme 1-4.135 The initial 
intermediate 72 rapidly undergoes a retro Diels-Alder reaction to eliminate nitrogen gas, leaving 
73. The resulting conjugated diene 73 is susceptible to further cycloadditions with appropriate 
norbornenes to ultimately afford a [2.2.2]diazabicyclo moiety fused between the norbornane 
units.136 
 
Scheme 1-4: Mechanism for the formation of [2.2.2]diazabicyclo fused norbornanes. 
While the initial reaction occurs at room temperature, high pressures or temperatures are 
required for the final cycloaddition. Under these conditions the intermediate 73 undergoes 
tautomeric rearrangement to form 75, Scheme 1-5.137 As the olefinic bonds in 75 are non-
conjugated it is inactive to Diels-Alder cycloadditions and unable to form the fused product. Non-
nucleophilic bases such as triethylamine have been found to inhibit the rearrangement of 73, 
leading to improved yields for the desired reaction.136 
 
Scheme 1-5: Tautomeric rearrangement between intermediates 73 and 75.136 
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The diazabicyclo fusion is highly selective for the exo,exo stereoisomers even when heterobridged 
norbornanes are used as the dienophile. Mixed fusion products can also be obtained by forming 
the intermediates before addition of the second diene. The [2.2.2]diazabicyclo linker installs a 
greater curvature in rigid rods than norbornane or heteronorbornane linkers (see section 1.4 for 
a detailed discussion of framework curving).123 
 
1.3.3 [2π+2π] Mitsudo cycloaddition 
Norbornanes can also be fused using cyclobutane frameworks to form molracs known as 
ladderanes however, in order to access these structures a cyclobutene ring must be fused to the 
norbornane scaffold. Installation of electron deficient cyclobutenes can be achieved using the 
Mitsudo [2π + 2π] ruthenium catalysed cycloaddition.138 
Prior to 1976 several reports existed detailing [2π + 2π] cycloadditions, all of which required either 
photoexcitation or transition metal catalysts.139-142 These methods were often low yielding due to 
competing reactions including [2π + 2π + 2π] and [2π + 2π + 2π + 2π] cycloadditions. The first 
published literature of ruthenium catalysed [2π + 2π] cycloadditions was reported by Mitsudo et. 
al. in 1976, Figure 1-24.138 Using RuH2(PPh3)4 76 as the catalyst Mitsudo and co-workers were able 
to fuse norbornenes with acetylenes to produce the corresponding cyclobutene. Although only 
moderate yields were achieved the isolated product was exclusively exo substituted.138 The 
promising results led to the Mitsudo group testing the scope and limitations of the reaction as 
well as additional modifications to the ruthenium catalyst to improve its efficiency. 
 
 
Figure 1-24: Structure of original ruthenium catalyst (left) and the modified catalyst (right).138,143 
A range of functionalised norbornenes were trialled in the [2π + 2π] cycloaddition, with little effect 
on yield of the product. However highly electron withdrawn alkynes such as dimethylacetylene 
dicarboxylate (DMAD, 78) were crucial for the reaction to proceed successfully. Due to reports of 
orthometallation of ruthenium catalyst 76 in the presence of olefins, Mitsudo et. al. replaced a 
triphenylphosphine ligand with a carbonyl (77, Figure 1-24).143,144 Improved yields were reported 
when the reaction was performed using the new catalyst RuH2(CO)(PPh3)3 77 compared to those 
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using 76, Scheme 1-6. The authors did not find evidence of degraded catalyst and only trace 
impurities from side reactions were observed when using the new catalyst.143  
 
Scheme 1-6: Control reaction for catalyst 76 and 77. i) 20 mol% 76, benzene, 80 °C, 24 h, 65%, ii) 20 mol% 77, benzene, 
100 °C, 6 h, 78%.143 
The currently accepted catalytic cycle involves loss of two ligands to produce the active ruthenium 
catalyst 80, allowing coordination of the alkene and alkyne to the ruthenium through metal π 
interactions, Scheme 1-7. It is proposed that oxidative addition occurs as the first step to form a 5 
membered ruthenocycle 81, which undergoes reductive elimination to afford the cyclobutene 
product 79 and regenerate the active catalytic species. Although no conclusive evidence is 
available for 81, similar 5 membered iridium and nickel metallocycles have been isolated and 
characterised.145,146 
 
Scheme 1-7: Reported catalytic cycle for Mitsudo [2π + 2π] cycloaddition.143,147 
The ruthenium catalyst has since been optimised to allow for a broader range of olefins or 
acetylenes to be utilised.147-149 However, use of these new catalysts was not explored herein as 
the original Mitsudo catalyst 77 has been proven highly efficient for the desired reaction. 
The development of new efficient microwave reactors has significantly enhanced the efficiency of 
the Mitsudo catalyst.150,151  Conventional heating methods for the Mitsudo reaction often require 
heating in pressure vessels for hours or even days at 100 °C.143 Under microwave conditions the 
cycloaddition can be performed at 100 °C with complete conversion to the product achieved 
within minutes. However, the biggest advantage comes from performing twin Mitsudo reactions 
such as those shown in Scheme 1-8. Under conventional heating <10% of 83 could be isolated, the 
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same reaction performed using microwave conditions afforded 76% of the desired product in ∼ 
two minutes.150 
 
Scheme 1-8: Twin Mitsudo cycloaddition between norbornadiene and DMAD. i) 76, PhMe3, 100 °C, 14 h, <10%., ii) 77, 
DMF, µw: 100 °C, 2 min, 76%.150 
 
1.3.4 Ladderanes  
Fusing norbornanes with ladderanes can be achieved using highly strained alkenes which undergo 
an alternating series of Mitsudo [2π + 2π] and thermal [2π + 4π] cycloadditions, Scheme 1-9.118,122 
The thermal cycloadditions requires an electron deficient alkene and the highly reactive 
cyclobutadiene which can be generated in situ from (cyclobutadiene)iron tricarbonyl. As seen in 
Scheme 1-9, the product of the Mitsudo reaction ([2π + 2π]) can be used as the starting material 
for the Diels-Alder reaction ([2π + 4π]) and vice versa. As such, the length of the ladderane can be 
controlled to achieve the desired spacing between the norbornane units.  
 
Scheme 1-9: Synthetic pathway for the extension of ladderane fused norbornanes.118,122 
Reaction products of both type 79 and 84 can be ‘capped’ using different reactions, Scheme 1-10. 
The electron withdrawn cyclobutenes such as 85 can undergo Diels-Alder cycloadditions with 
cyclopentadiene (CPD, 91) to produce norbornene capped rods such as 92. Electron rich 
cyclobutenes (90) can be reacted with 3,6-di(2’-pyridyl)-s-tetrazine 71, (as discussed in section 
1.3.2) produces 93 which can be coupled to norbornenes to give molecular rods such as 94.122  
 
     
Scheme 1-10: Termination of the activated (top) and unactivated (bottom)  cyclobutenes.122,152 
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These reactions have been shown to be highly stereoselective for the exo products when coupled 
with norbornenes.118,122,152 The primary limitation to this methodology is the instability of 
cyclobutadiene, which must be generated in situ from (cyclobutadiene)iron tricarbonyl. The 
stepwise nature of the synthesis is also prohibitive to the construction of larger frameworks.122 
 
1.3.5 Alkene plus cyclobutane epoxide (ACE) reaction 
The alkene plus cyclobutane epoxide or ACE reaction is a 1,3-dipolar [4π + 2π] pericyclic 
cycloaddition, Scheme 1-11. Similar to the oxadiazole coupling the ACE reaction couples an alkene 
with a carbonyl ylide and installs a new oxanorbornane between the two reactants. In this instance 
the carbonyl ylide is generated from a cyclobutane epoxide (such as 95), which upon heating ring 
opens to the reactive carbonyl ylide 96, which reacts with alkenes as previously described (section 
1.3.1).  
 
Scheme 1-11: Mechanism for the ACE.153 
The [4π + 2π] cycloaddition that occurs between the alkene and ylide species is stereoselective 
with only the exo,exo stereoisomer being formed. This selectivity is imposed by the steric 
influence of the norbornane bridge which prevents molecular orbital mixing at the syn face. 
Instead the alkene can only approach from the lower energy face anti to the bridge, ultimately 
resulting in the exo,exo fused polynorbornane (97), Figure 1-25Scheme 1-11.153 
 
Figure 1-25: Sterically hindered syn approach of norbornene (left) and observed anti approach (right). 
The cyclobutane epoxide ring opening requires high temperatures (typically 140 °C) to access the 
required 1,2 carbonyl ylide.115 Unlike the other methods for norbornane coupling the ACE reaction 
requires two different reactive groups (Alkene and Cyclobutane Epoxide) and as such mixed 
reactions can be performed with complete control of the reaction products. The enhanced control 
offered by the ACE methodology and its highly convergent nature led to its selection for the 
synthesis in this project.117,124,154 
 22 | P a g e  
 
As the method of choice the ACE protocol requires efficient synthetic routes to access the 
cyclobutane epoxides. From a suitable norbornene a two-step approach involving (i) ruthenium 
catalysed [2+2] Mitsudo cycloaddition (section 1.3.3) and (ii) Weitz-Scheffer epoxidation is now 
routinely used.   
 
1.3.6 Weitz-Scheffer epoxidation  
While a vast array of literature exists for epoxidation of nucleophilic alkenes there are limited 
reports of methodology for electrophilic alkenes.155-158 A variety of metal catalysed reactions have 
been reported which efficiently epoxidise alkenes which possess vicinal ketones, however most 
of these methods give dramatically reduced yields for the corresponding ester derivatives.155,159 
Due to these limitations modified Weitz-Scheffer epoxidations are commonly used to perform this 
transformation.160-162  
A base is required to generate a peroxy anion (such as 101) which is capable of nucleophilic attack 
at the alkene bond. The conjugate addition results in an enolate species 103 which attacks the 
second oxygen of the peroxide, to form epoxide 104 and eliminating alkoxide 100. Through 
selection of appropriate hydroperoxides the alkoxide generated in situ can be used to catalyse the 
reaction. The first epoxidation to use tert-butylhydroperoxide with catalytic tert-butoxide was 
reported by Russell et. al. who achieved high yields under ambient conditions (Scheme 
1-13).124,163,164 
 
Scheme 1-12: Mechanism for Weitz-Scheffer epoxidation.165 
Although Weitz-Scheffer epoxidations are usually non-stereospecific the norbornane bridge 
prevents formation of any of the exo epoxide, as seen in Scheme 1-13.163 Although intriguing, the 
stereoselectivity is irrelevant for this project as the same active carbonyl ylide in the ACE reaction 
would be formed regardless. 
 
Scheme 1-13: Base catalysed epoxidation of 89. i) 0.3 eq. t-BuOK, t-BuOOH, THF, 21 °C, 12 h.124 
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1.4 Bridged norbornanes  
Molecular modelling performed by Warrener, Johnston and co-workers revealed that fused 
[n]polynorbornane frameworks exist in a curved geometry, Figure 1-26.115 Increasing the number 
of norbornane units in the framework increased the inherent curve, negating the increased length 
of the framework. When the curved [n]polynorbornane frameworks were functionalised in the 
endo position the resulting ‘arms’ were orientated towards each other.115 
 
              
Figure 1-26: Structure (top) and minimum energy conformation (bottom) of fused [n]polynorbornanes.123,166 
The authors identified two previously synthesised bisnorbornene compounds (1167,168 & 110169,170), 
that once incorporated into the [n]polynorbornane framework would produce straight ‘rods’, 
Figure 1-27.123 The two bisnorbornenes contained extra hydrocarbon bridges that imposed the 
desired geometry. Further modelling revealed that fusing of the bridged bisnorbornane 1 with the 
ladderane methodology produced ‘rods’ with a convex curve (111), with the framework curved 
towards the norbornane bridges. A single [2.2.2]diazabicyclo linker produced straight ‘rods’ (112), 
while incorporation of multiple linkers had a concave curve (113) towards the binding cleft. Fusing 
the bridged units with oxanorbornane (114) synthesised using either ACE or OD methods, retained 
the straight geometry even when multiple linkers were installed.123,166 
 
 
Figure 1-27: Bridged bisnorbornenes (left) and their incorporation into rigid rods (right).166 
The two bisnorbornenes (1 & 110) were evaluated for their compatibility with the discussed 
synthetic techniques. Fusing of diene 110, which contained two ethylene stabilisers, was reported 
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as “difficult”, particularly using the conditions required for the ACE and tetrazine coupling 
methods.166 Diene 1, which contains a carbon carbon σ bond between the bridges of neighbouring 
norbornane units, was more amenable to the reaction conditions. All of the discussed coupling 
techniques were successfully performed on 1, including the Mitsudo and Weitz-Scheffer 
epoxidation. Warrener et. al. were also able to incorporate multiple linking units to create fused 
[8]polynorbornanes such as (116)which retained a ‘straight’ geometry, Scheme 1-14.123  
 
Scheme 1-14: Synthesis of fused [8]polynorbornane 116. i) 140 °C, 2 h, 19%.123 
 
1.4.1 Synthesis of bridged bisnorbornane 
The σ bridged bisnorbornyl diene (1) has been constructed by both the Paquette and Hedaya 
groups, Scheme 1-15.167,168 The two groups had concurrently applied the same reaction to arrive 
at diene 1, with both papers received by the Journal of the American Chemical Society within days 
of each other.167,168 Deprotonation of CPD (91) followed by halide promoted dimerization installs 
the crucial carbon, carbon bond that ultimately becomes the bridge between norbornene units. 
Consecutive [4π + 2π] Diels Alder cycloadditions between the CPD dimer (117, Scheme 1-16) and 
DMAD (78) produced the desired diene 1 in either 23% (Paquette)167 or 20% (Hedaya).168  
 
Scheme 1-15: Synthesis of bridged bisnorbornene 1. 
The one-pot reaction installs an impressive 5 new carbon carbon σ bonds to form the fused 
pentacyclic compound from simple, readily available monocyclic starting materials. The highly 
preorganised bisnorbornane 1 contains both alkene and ester functional groups which can be used 
for further functionalisation.  
The reported low yields of the desired product can be explained by a number of side products that 
were also isolated and characterised. The first of these side products was identified as the external 
ester 119, Scheme 1-16. The acetylene 78 can approach the CPD dimer 117 from either the syn or 
anti face resulting in the two structural isomers. The syn face yields the desired Diels-Alder 
intermediate 118s with the remaining CPD unit located over the ester groups. Acetylene approach 
from the anti face of the dimer leads to intermediate 118a, with the CPD located above the 
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methene and forms the external ester product 119. Unfortunately, no method of preventing or 
discriminating between these reactions has been discovered. 
 
Scheme 1-16: Domino Diels-Alder cycloadditions showing DMAD approach from syn (top) or anti (bottom) face of the 
CPD dimer and the resulting bridged bisnorbornane adduct. 
The norbornene dimers 122 and 123 were also isolated and their formation explained by the 
rearrangement of 117, Scheme 1-17. The CPD dimer had previously been reported to be unstable 
at ambient temperatures, rearranging to 121 through a series of 1,2-hydrogen shifts.167,168,171 The 
intermediate (121) is more thermodynamically favoured due to conjugation of the four alkene 
bonds. The intermediate is still susceptible to Diels-Alder cycloadditions with DMAD (78) leading 
to the isolated products 122 and 123. Performing the reaction at subzero temperatures minimises 
the thermal rearrangement of 117 nevertheless these side products and others are still produced.  
 
Scheme 1-17:  Formation of stereoisomers 122 and 123 from the rearrangement of CPD dimer 117.171 
The formation of the discussed side products, as well as the use of excess DMAD and its 
polymerisation products, leads to a complex mixture after the reaction work up. Paquette was 
able to conveniently isolate the desired product by selective saponification of the unwanted side 
products.167 Diene 1 has sterically ‘protected’ esters, and as such the esters of the side products 
are more readily cleaved. Hydrolysis of the methyl esters at controlled low temperature (≤ 0 °C), 
followed by an organic extraction from the alkaline mixture gives the pure bisnorbornane 1.  
While the technically tedious domino Diels-Alder reaction and saponification protocol is low 
yielding it can be performed at scale allowing access to the target in multigram quantities. 
Although unused in this project the side products can also be isolated, through acidification and 
organic extraction and these compounds have their own unique synthetic applications.167,168  
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1.4.2 Applications of bridged bisnorbornane 1 
Diene 1 was originally identified by both the Hedaya and Paquette groups as a useful building 
block in the synthesis of dodecahedrane 124, Figure 1-28. The structure consists of 20 fused 5 
membered rings with a molecular formula of C20H20, arranged in a highly symmetric configuration. 
Both Plato and Johannes Kepler had used the shape in their respective models of the universe 
which led to the interest in its chemical equivalent.172,173 The first total synthesis of an 
unsubstituted dodecahedrane was achieved by Paquette in 1982 utilising a total of 23 steps 
starting with the original domino-Diels Alder reaction.174,175 A more efficient 16 step pathway was 
developed by Prinzbach in 1987176,177 who went on to synthesise 125 the smallest member of the 
fullerene family, and the world’s smallest helium balloon 126.178 
                                    
Figure 1-28: Structure of dodecahedrane (left)174, C20 fullerene (middle)179 and helium trapped inside dodecahedrane 
(right)178. 
 
1.4.2.1 Electron and energy transfer  
Warrener and Keene synthesised photoactive rods using ACE coupling reactions, Figure 1-29. The 
rods were capped at one end with 1,10-phenanthroline groups coordinated to active Ru2+(bpy)2 
and at the other end with photoquenching naphthoquinone groups. The rigid backbones enabled 
precise control of the separation between the two ends and these well-defined systems were used 
to study electron transfer effects. Incorporation of bridged norbornane 1 ensured that the longer 
rods retained near linear geometries.180-182 
 
Figure 1-29: Norbornane based rods synthesised to study electron transfer between the ruthenium and 1,10-
phenanthroline.181 
Electron transfer studies were performed by photoexcitation of the ruthenium complex and 
measuring the luminescent decay lifetimes compared to that of control 127. Extremely short 
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lifetimes were reported for the shortest rod 128 in CH3CN, Table 1-3. The decrease in lifetime was 
attributed to efficient electron transfer between the ruthenium complex and the 
naphthoquinone. For the longer rods 129 and 130, no significant change in luminescent lifetimes 
were observed when compared to the control.   
When the studies were performed in H2O short luminescent lifetimes were reported for rods 128 
and 129, Table 1-3. Small decreases were observed for the luminescent lifetimes of rod 130 
compared to the control 127, indicating partial electron transfer effects. The degree of electron 
transfer was directly correlated to the distance between the ruthenium and naphthoquinone 
groups and the polarity of the solvent as expected.181 
Table 1-3: Luminescence lifetimes for rods 127-130 and distance between RuII and naphthoquinone groups.181 
  Solvent 
Compound Distance Å CH3CN H2O 
127 - 1360 ns 1850 ns 
128 12.34 56 ns <5 ns 
129 17.01 1530 ns 190 ns 
130 19.62 1400 ns 1550 ns 
 
As metal complexation has no apparent effect on the ACE cycloaddition several discrete 
heterobimetallic systems (eg. 131 and 132) have also been synthesised, Figure 1-30.180 Strong 
quenching of the ruthenium emission (>95%) was observed in CH3CN for rods 131 and 132 despite 
being longer than the previously evaluated rods (24.14 and 26.75 Å respectively). The unusual 
quenching was attributed to Forster dipole-dipole energy transfer. Good agreement between the 
theoretical calculations for energy transfer and the observed data supported this 
rationalisation.181 
 
Figure 1-30: Structure of heterobimetallic rods synthesised by Warrener et. al..181 
In summary incorporation of the bridged bisnorbornane 1 was crucial for the construction of the 
longer rods 130 and 132. The rods were used to successfully study the effects of solvent and 
distance for both electron and energy transfer.  
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1.4.2.2 Ion transporters 
Johnston and co-workers demonstrated that the internal esters of diene 1 could be used to install 
additional functionality, Scheme 1-18. Hydrolysis of the esters followed by dehydration afforded 
anhydride 134 which was susceptible to nucleophilic attack by amines. The resulting amic acid 
(136) was dehydrated to give the corresponding imide (137).166 Due to the preorganised nature of 
the bisnorbornane the imide moiety is precisely orientated directly beneath the norbornene 
backbone. 
 
Scheme 1-18: Synthesis of imides. i) Ac2O, 100 °C, 20 h, 65% over 2 steps. ii) DBU, CHCl3, 21 °C, 24 h. iii) Ac2O, 60 °C, 4 
d, 43% over 2 steps.166 
By installing crown ethers to the imide moiety Johnston et. al. constructed large frameworks that 
possessed multiple crowns in alignment. Two monocrown units (138 & 139) were synthesised 
along with two tricrown rods (140 & 141), Figure 1-31.183 The alignment of crown ethers creates 
a single continuous channel of a length (15 and 20 Å respectively)183 that could potentially span 
cell membranes.  
 
Figure 1-31: Structure of single crown units 138 and 139 and tricrown rods 140 and 141.183 
The crown ether compounds were evaluated for their ability to transfer cations across lipid 
membranes. A lipid bilayer was constructed on the surface of a gold electrode, which restricts ion 
transport (resistance measurements confirm no ion transport). The crown compounds were then 
incorporated into the lipid bilayer and resistance again measured, any decrease in the resistance 
was indicative of successful transport of ions across the lipid bilayer, Table 1-4.184 
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The monocrown units 138 and 139 were incorporated into the lipid bilayer and at high 
concentrations (28.0 x 10-5 M and 24.0 x 10-5 M respectively) a decrease in resistance was 
recorded. Compounds 138 and 139 are much shorter than the lipid bilayer and in theory should 
not allow ion transport. The authors proposed two possible methods of transportation to explain 
the results. The monocrowns could form aggregates in solution that could then insert into the lipid 
bilayer and successfully transport ions. Alternatively, the monocrowns could act as a carrier where 
a potassium ion is bound as a guest. The host:guest complex can then pass through the lipid bilayer 
due to the lipophilicity of the hydrocarbon framework. 
Successful ion transport was also recorded for the tricrown rods 140 and 141 at concentrations of 
14.4 × 10-5 M and 6.7 × 10-5 M respectively. The lower concentrations required to induce transport 
for the rods, compared to the monocrowns, suggests that the longer frameworks can successfully 
insert into, and bridge, the lipid membrane.  
Table 1-4: Concentration of norbornane based crown ether compounds 138-141 required to observe transport of 
sodium or potassium cations across a lipid bilayer.183 
Salt 138 139 140 141 
NaCl >28.0 × 10-5 M >24.0 × 10-5 M >14.4 × 10-5 M 13.4 × 10-5 M 
KCl Partial >14.5 × 10-5 M >12.2 × 10-5 M 7.2 × 10-5 M >3.4 × 10-5 M 
KCl Complete 28.0 × 10-5 M 24.0 × 10-5 M 14.4 × 10-5 M 6.7 × 10-5 M 
 
The 15-crown-5 used by Johnston have previously been shown to be selective for sodium 
cations.26 However the norbornane based compounds (138-141) were all selective for potassium. 
The change in selectivity suggests that the ion was not coordinating inside the cavity of the crown 
ether. It was proposed that 2:1 sandwich complexes were formed. The potassium could then be 
shuttled along the framework, rather than flowing through a continuous channel. It should be also 
noted that successful sodium transport was observed when higher concentrations of 141 were 
used.183 
In summary lipophilic rods were constructed and found to be capable of inserting into lipid bilayers 
and aid in the transport of cations. The key bridged bisnorbornane prevented curving of the rods 
as well as preorganising the crown ethers into a channel for ion transportation. 
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1.4.2.3 Dynamic hosts for small molecules 
The group of Badjić employed diene 1 in their efforts to synthesise molecular ‘claws’.185 Their work 
has primarily focused on functionalisation of phenyl cores to produce three armed claws such as 
142 which acts a ‘molecular basket’, Figure 1-32.186 
 
Figure 1-32: Structure of Badjić’s molecular basket 142 and molecular model of the basket with a single copper 
guest.186 
An impressive synthetic pathway was used to fuse three equivalents of bridged norbornane (145) 
to a hexaazatriphenylene (146) core, Scheme 1-19. Following previously described procedures 
(Scheme 1-18) the vicinyl diesters were converted to an imide ring substituted with methyl, propyl 
or butyl groups.166 Careful Upjohn dihydroxylation was performed using OsO4 and N-
methylmorpholine-N-oxide (NMO) to afford diols 144a-c, in excellent yield (82-85%). Swern 
oxidation of 144a-c produced the reactive diketone 145a-c which was immediately reacted in a 
3:1 ratio with hexaaminobenzene 146. This condensation produced a mixture of the syn and anti 
hexaazatriphenylene targets, which were successfully separated.187  
 
Scheme 1-19: Synthesis of Badjić’s molecular claw 147a-c. Compounds a: n = 1, b: n = 2, c: n = 3. i) OsO4, NMO, THF, 21 
°C, 2 d. ii) DMSO, TFAA, NEt3, CH2Cl2, -78 °C, 6 h. iii) Ar, 8:2 CH3OH:H2O, CH2Cl2, -78 °C – 21 °C, 4 d.187  
The highest yield was reported for the butyl substituted 147c (55%). Unfortunately, for the butyl 
derivative only the anti product was synthesised, where one “arm” was orientated above the 
phenyl ring and the other two orientated below. Steric hindrance from the butyl chains was 
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believed to prevent the formation of the syn isomer. Performing the reaction with the shorter 
alkyl substituents afforded the products 147a and 147b in an isomeric ratio at reduced yields 
(syn:anti 1:3 yield 7%, 2:3  35% respectively).187  
A small hydrophobic cavity was created beneath the hexaazaphenylene core and as a result the 
1H NMR spectrum of 147b was influenced dramatically by the solvent used. When the sample was 
prepared in CD2Cl2 the solvent was able to enter the binding pocket. This encapsulation resulted 
in the propyl chains solvent exposed and produced the spectra shown in Figure 1-33, with the CH3 
resonance at δ = 0.3 ppm.187  
 
Figure 1-33: 1H NMR spectra of 147b in CD2Cl2 and model structure.187  
When C2D2Cl4 was used as the solvent no complexation was observed. The larger solvent was 
incapable of entering the binding pocket of 147b. As a result, the propyl chains were reoriented 
inside the binding cleft where they are no longer solvent exposed. Instead, the chains experience 
magnetic shielding from the face of the benzene ring. This shielding results in an upfield shift for 
the CH3 resonance to δ = -0.1 ppm, Figure 1-34.187  
 
 
Figure 1-34: 1H NMR spectra of 147b in C2D2Cl4 and model structure.187  
The ability of the two syn hosts 147a and 147b to bind CBr4 was evaluated using 1H NMR titrations 
in the non-competitive C2D2Cl4, Figure 1-35. The titration experiments confirmed uptake of the 
CBr4 into the small cavity and the data was fitted to a 1:1 binding model. Weaker binding was 
 32 | P a g e  
 
observed for this guest by the propyl host 147b (1.77 M-1) than the ethyl 147a (3.73 M-1). The 
change in binding was caused by the difference in preorganisation of the two hosts. For uptake of 
the guest by analogue 147b the propyl groups must be displaced and the energy penalty for this 
is reflected in the association constant. The shorter ethyl chains (147a) cannot fill the binding cleft 
leaving a preformed cavity for guest uptake.187  
 
Figure 1-35: Fitplot of CH3 for host 147a (red■) and 147b (black▲) with CBr4 guest.187  
The molecular claws synthesised by Badjić et. al. demonstrated dynamic opening and closing 
controlled by the molecular size of the solvent used. The enhanced binding for 147a over 147b 
elegantly illustrated the entropic costs associated with structural rearrangement for binding. The 
bridged diene 1 was required to create the hydrophobic pocket of the hosts in a preorganised 
fashion.  
 
1.4.2.4 Pyramidalised alkenes 
Physical chemists have studied pyramidalised or non-planar alkenes due to their unusual structure 
and reactivity. The change in reactivity is caused by distortion of the optimal geometry of the sp2 
hybridised carbons creating a highly strained bond.188  
Iododecarboxylation of the diacid 133 followed by dehalogenation is believed to produce 
intermediate 149 which could be trapped using conjugated dienes such as 150 to produce the 
corresponding Diels-Alder adduct 151, Scheme 1-20.189   
 
Scheme 1-20: Synthesis and trapping of highly pyramidalised alkene intermediate 149. i) Iodosobenzene diacetate, I2, 
CH2Cl2, hν, 21 °C, 22 h, 61%. ii) Na, 1,4-dioxane, reflux, 4 h, 26%.189,190 
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Alternatively, the reaction of diiodo 155 with molten sodium in refluxing dioxane led to the 
isolation of a dimeric product, Scheme 1-21. Unlike dimers of similar pyramidalised alkenes (such 
as 154) the new dimer did not show C2ν symmetry, and according to 13C NMR analysis was assigned 
the structure of 157 (structure confirmed by single crystal X-ray diffraction). Parallel dimerisation 
of 155 to give 156 is prevented by the close proximity of the olefinic bridges, instead the 
orthogonal addition product was formed through [2π + 2π + 2π + 2π] cycloaddition.191,192 
 
Scheme 1-21: Dimerisation of diiodo 152 through pyramidalised alkene 153 (top) and dimerization of 155 which 
produces orthogonal 157 instead of the predicted 156.191,192 
The hindered nature of intermediate 155 was exploited by Camps et. al. in the first cross coupling 
reaction of highly pyramidalised alkenes, Scheme 1-22.191 As dimerisation of the pyramidalised 
alkenes 152 and 155 (Scheme 1-21) gave a complex mixture of products that were difficult to 
separate the diacetal (144) variant of 155 was used (Scheme 1-22). A 3:1 mixture of 152:158 was 
stirred with sodium and dioxane at reflux to afford diene 159 and cyclobutane 160.191 The two 
isomers can be quantitatively interconverted (i) through heating to form the thermally stable 159 
or (ii) photomediated [2π+2π] cycloaddition to afford 160. Acid mediated cleavage of the acetal 
protecting groups of 160 gave tetraol 161, which could be oxidised to form tetraone 162.191  
  
Scheme 1-22: Highly pyramidalised alkenes generated from 152 and 158, and their ring opening and closing reactions. 
i) Na, dioxane, 100 °C, 4 h, 159 & 160 = 55%.  ii) hν, cyclohexane, 21 °C, 6 h, 100%. iii) dioxane, 100 °C, 24 h, 100%. iv) 
HCl, H2O, CH3OH, 75 °C, 16 h, 99%, v) DMSO, TFAA, CH2Cl2, NEt3, -60 °C, 3.5 h, 60%.191 
The cyclobutanes  160 and 161 were both stable at room temperature however 162 underwent 
slow retrocycloaddition to give bisalkene 164.191 The enhanced thermal stability of the 
cyclobutane 161 was explained by the strain experienced by the hydrogens α and β in the 
corresponding dienes (Scheme 1-23). Considerable steric interactions in diene 164 make the 
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corresponding strained cyclobutane (161) favoured. Tetraone 163 does not contain Hβ and the 
removal of the steric strain results in the slow transformation of the cyclobutane 162 to the diene 
163 at ambient conditions. 
 
Scheme 1-23: Retrocycloaddition of 162 at ambient conditions (top) and 161 at elevated temperatures. 
The reaction profiles for the conversion of the cyclobutanes 161 and 162 were further explored 
through differential scanning calorimetry (DSC), Figure 1-36. For the tetraone 162 a single thermal 
maxima was observed with a gradual increase in heat flow followed by a rapid decrease, over a 
range of 80 to 130 °C.192 For the more stable 161, a variation in the heat flow wasn’t detected until 
120 °C where it gradually increased to the first maxima (≈ 145 °C) followed by a second maxima (≈ 
155 °C) then rapidly returned to the baseline.  The first maxima was ascribed to the 
retrocycloaddition which was followed by conformational adjustment to relieve strain.192  
 
Figure 1-36: DSC profiles of 161 and 162 to the corresponding dienes 164 and 163.192 
In summary the preorganised framework of bridged bisnorbornane 1 was crucial in the synthesis 
of highly pyramidalised alkene 153. The pyramidalised alkene allowed the authors to perform 
several unusual reactions including the orthogonal dimerisation to access 157 and the first cross 
coupling between pyramidalised alkenes. The new frameworks offer a range of unusual 
preorganised scaffolds and were used to study forward and retro [2π + 2π] cycloadditions. 
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1.4.2.5 Medicinal chemistry 
1.4.2.5.1 Poxviridae antivirals 
Structural similarities between 1 and known antivirals 165 were noted by Vázquez and co-
workers.193 The emergence of several, less virulent, poxviridae viruses as well as the threat of 
bioterrorism has created an active field looking at new options for treatment. As an example, new 
antiviral drug 165 Tecovirimat is currently in phase 3 clinical trials and has been fast tracked by 
the FDA for approval, Figure 1-37.194-198 The structure of Tecovirimat consists of a polycyclic 
hydrocarbon framework with a pendent hydrazide moiety. All compounds tested in previous 
structure activity relationship (SAR) studies retained hydrogens α to the imide carbonyl.194 
Vázquez proposed that incorporating a quaternary carbon in this position may produce more 
efficacious drugs.193  
 
Figure 1-37: Structure of antiviral drug candidate Tecovirimat (165) highlighting αH.194 
Several families of compounds were synthesised with this modification based on either 
bisnoradamantanes 166 or extension of the bridged norbornane scaffolds 167-170, Figure 1-38. 
Manipulation of the olefin groups of 167 produced a small family further subdivided into the 
alkene, alkane, epoxide or cyclopropane classes of compounds. The various scaffolds were 
functionalised using a range of acyl hydrazides and the resulting compounds screened for activity 
and cytotoxicity against vaccina virus infected human embryonic lung fibroblast cells.193 
 
Figure 1-38: Polycyclic families tested for antiviral activity.193 
The cyclopropane 169 and epoxide 170 classes of compounds were found to be inactive against 
the vaccina virus. Similarly, the bisnoradamantanes 166 showed poor activity and while a single 
saturated derivative of the bridged scaffold (168) showed good activity (EC50 = 13.7 µM, Ar = 4-
(CF3)Ph) it was still an order of magnitude worse than its alkenyl derivative (entry 3, EC50 = 1.2 
µM). This data suggests that retention of the olefin bonds are crucial for antiviral activity.193 
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Table 1-5: General structure of 167 and approved antiviral Cidofovir (left) and table of activity for compounds derived 
from 1 (right).193 
Modification to the benzamido substituents showed that the presence of an EWG, particularly in 
the 4 position (167a, entry 3), improved activity while EDG decreased activity in agreement with 
previous studies.193 Substitution with EWG’s in both the 3 and 4 positions further improved activity 
(167b, entry 4) into the sub micromolar range (0.48 µM).  
Although the most promising compound 167c (entry 5, EC50 = 0.16 µM) showed 30 fold 
improvement over the approved drug Cidofovir 171 (entry 1, EC50 = 5.7 µM) it was not more 
effective than Tecovirimat 165 (entry 2, EC50 = 0.065 µM).193 Due to the promising antiviral activity 
results of Tecovirimat in clinical trials the authors have looked at other antiviral applications of the 
bridged norbornane scaffold.  
 
1.4.2.5.2 M2 Ion channel inhibitors 
Amantadine (172a) and rimantadine (172b) are approved drugs for treatment of influenza whose 
mode of action relies on blocking of the M2 protein channel. The M2 channel transports protons 
to the virus interior triggering uncoating of viral ribonucleoproteins which can then be transferred 
to the cytoplasm where they are activated.199-202 With resistance to amantadine now emerging 
the development of new compounds to combat viral evolution is now required.203 Vázquez and 
Entry Compound EC50 [µM] Cytotoxicity 
MIC [µM] 
1 171 Cidofovir 5.7 >250 
2 165 Tecovirimat 0.065 >100 
3  1.2 >100 
4 
 
0.48 100 
5 
  
0.16 100 
6  >100 >100 
7 
 
48 >100 
8 
 
16 >100 
9 
 
32 >100 
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co-workers synthesised a range of compounds incorporating various polycyclic backbones to test 
the size requirements for effective blocking of the M2 channel, Figure 1-39.  
 
Figure 1-39: Polycyclic amines used to probe the dimensions of the M2 proton channel.204 
The compounds were evaluated for their ability to block the M2 channel in wild type Xenopus 
oocytes using two-electrode voltage clamp assays. Ring contracted frameworks such as 173 and 
174 were found to effectively block the M2 channel. Indeed, both 173 and 174 had improved 
activity over amantadine 172 (7.1 µM, 7.2 µM and 16.0 µM respectively). The bridged norbornane 
scaffolds with pendant amines such as 175 had no activity, however fused pyrrolidines like 176 
had moderate activity (24.0 µM). Activity against an amantadine resistant M2 channel was also 
examined using the mutant protein M2 V27A and, although no IC50 was ascertained, a 7% increase 
in the inhibition was observed at 100 µM.204 
Table 1-6: Inhibition of the M2 ion channel by various hydrocarbon polycylcics.204 
Entry Compound Inhibition by 100 
µM for 2 min (%) 
IC50 µM V27A Inhibition by 100 µM 
for 2 min (%) 
1 
 
91 16.0 11 
2  97 7.1 0 
3 
 
94 17.0 18 
4 
 
13 ND 04 
5 
 
40 ND 15 
6 
 
83 33.5 9 
7 
 
87 24.0 18 
 
Docking studies of the active compounds showed that the ring contracted candidates 173 and 174 
had similar van der Waals surface areas and volume to amantadine 172 and as such could adopt 
the same binding conformation. Extensive studies using molecular dynamics, docking calculations, 
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solid state NMR and X-ray crystallography revealed that the amino residue of amantadine forms 
hydrogen bonds with the internal serine residues of the tetramer channel.205-207 
Initial attempts to fit 178 in the same binding site resulted in severe steric interference with the 
surrounding protein that would disrupt binding. Further docking and dynamics studies were 
performed with 178 which reoriented it to accommodate the cyclopropyl groups within the 
proton channel, Figure 1-40. The pyrrolidine maintains a hydrogen bond with the valine residue 
as well as a water bridged interactions with the serine residue. The authors noted that due to the 
reorientation of framework 178 new SAR studies would be required for optimisation. Specifically 
the authors highlighted the cyclopropyl groups which were orientated along the M2 channel.204 
 
 
 
 
 
Figure 1-40 Model of the M2 proton channel with proposed orientation of 178 (blue), (left). Superposition of 
amantadine (orange) and 178 (blue) inside the M2 proton channel (right).204 
In summary elaboration of the bridged norbornane framework 1 produced 167c which showed 
excellent activity against the poxviridae family of viruses and 178 which has moderate activity for 
inhibition of influenza A. Although these compounds were less active than current drug 
candidates, they warrant further development as incidences of resistance emerge. These 
examples demonstrate the utility of small highly preorganised aliphatic frameworks in medicinal 
chemistry.  
 
1.4.3 Summary 
The bridged bisnorbornane unit 1 has found applications in a remarkably diverse variety of 
chemical fields. It has been incorporated as a component in the modular construction of rigid 
fused [n]polynorbornane rods where it plays a key structural role in controlling the geometry of 
the rod. A range of functional groups including 1,2-phenanthroline moieties, porphyrins, crown 
ethers and lipophilic chains have been attached to related rods in an attempt to produce 
functional materials. The high level of preorganisation in diene 1 enabled the installation of 
pyramidalised alkenes that offer unusual reactivity and access to unique frameworks. Several 
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compounds based on 1 have shown impressive antiviral activity demonstrating its potential for 
medicinal chemistry applications.  
 
1.5 Thesis aims 
As the bridged bisnorbornane 1 enforces the desired linear preorganisation in fused 
[n]polynorbornane rods and also has the option for the installation of additional functional groups 
it was highlighted as a key building block for use in this project. As such the primary aims of this 
project are to use the bridged bisnorbornane in the synthesisis of [6]polynorbornane rods and 
study the effects it has on preorganisation. In order to achieve these aims this thesis will examine 
the role of 1 in i) host:guest anion recognition chemistry (Chapter 2 & 3) and ii) Self-assembly 
structures (Chapter 4). 
Chapters 2 & 3 will synthesise new [6]polynorbornane hosts functionalised with thiourea binding 
in order to bind dianionic guests. Binding studies will then be performed using rigid dicarboxylate 
guests in order to probe the size and shape of the binding cleft created by the new 
[6]polynorbornane rod as well as previously synthesised [3] and [5] polynorbornane rods for 
comparison. Central functionality will then be incorporated into the [6]polynorbornane rod to 
influence the binding cleft and manipulate selectivity.  
Chapter 4 will focus on functionalisation of the [6]polynorbornane rods with pyridine groups to 
create rigid ditopic ligands. Similar ligands have been shown to self-assemble in solution with 
appropriate metals (PdII and PtII) to create large hollow M2L4 cages the shape and size of which is 
highly dependent on the angle of the ligands N donor. As such further insight into the 
preorganisation of the [6]polynorbornane rod can be gathered by examining the self-assembly 
product of the ligands with square planar PdII metals.  
Finally, chapter 5 looks at the development of new methods using solid state NMR techniques to 
study anion rec in the solid state.  In this chapter the more readily available [5]polynorbornane 
host will be used. These hosts have proven difficult to crystallise and as such no X-ray 
crystallographic data has been acquired. Nevertheless, the preorganisation and behaviour of 
these molecules can be studied in depth through solid state NMR and these techniques are 
applicable to a wide range of non-crystalline materials without the need for tedious sample 
preparation.  
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2 Synthesis and evaluation of [3], [5] and [6] polynorbornane s as 
hosts for dicarboxylates. 
In this chapter dicarboxylates of importance in both medicinal and industrial settings will be 
identified. Following this an overview of the fused [n]polynorbornanes hosts synthesised by 
Pfeffer will be presented highlighting the key findings that influenced the design used in the 
current studies. The synthetic pathway used to access [3], [5] and [6]polynorbornane bisthiourea 
hosts will be outlined, followed by an evaluation of the binding of a range of dicarboxylates by the 
hosts.  
 
2.1.1 Dicarboxylates of biological and industrial significance 
A literature review revealed several di- and tricarboxylates that have important roles in bacterial 
spores, the Krebs cycle, botany and a range of industrial processes.208  
 
2.1.2 Bacterial spores 
The small rigid pyridine-2,6-dicarboyxlic acid (179) is found in the core of bacterial spores and 
makes up 5-14% of their dry weight, Figure 2-1.209-212 Also known as dipicolinic acid it is conserved 
throughout most bacterial spores and several species of mould, making it an ideal target for 
detecting colonies of spores.212 Several methods of detection for dipicolinic acid have already been 
developed however,  these often require expensive instrumentation and as such a rapid versatile 
anion sensor for this target is of medical interest.213,214  
    
 
Figure 2-1: Structure of dipicolinic acid (left) and bacterial spore (right).215 
 
2.1.3 Krebs cycle 
A range of short flexible dicarboxylate targets are found in the Krebs cycle, the primary pathway 
for the production of energy in aerobic organisms, Figure 2-2. Also known as the citric acid cycle 
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it involves the transformation of the tricarboxylate citric acid (180) to other tri- and 
dicarboxylates.216 Dysregulation of the Krebs cycle brought about through specific enzyme 
deficiencies has been linked to various disease states including neurodegenerative diseases, renal 
cancer and paragangliomas.217 Many of these diseases are associated with increased levels of 
dicarboxylates such as succinate (185) and fumarate (186) in blood and urine.217,218 As such there 
is an opportunity to easily detect elevated concentrations of these dicarboxylates as an early 
warning of serious disease.  
 
Figure 2-2: Simplified Krebs cycle with tri- and dicarboxylate structures (180-188).216,218 
One of the disease states affecting the Krebs cycle is glutaric aciduria type-I. This malady can cause 
neurological damage with typical onset during infancy.219  As this damage is irreversible early 
detection and treatment is crucial. Screening for elevated levels of glutaric acid (189), 3-
hydroxyglutaric acid (190) and glutarylcarnitine (191) could identify at risk individuals who should 
undergo further genetic analysis to confirm the diagnosis, Figure 2-3.219 
 
Figure 2-3: Structure of dicarboxylic acids over expressed from glutaric aciduria type-1.219 
Healthy prostate cells have a characteristically high level of citrate, as a result of excess zinc 
inhibiting the Krebs cycle.220,221 Low levels of citrate in the prostate have been linked to several 
disease states including prostate cancer.221-223 These depleted levels of citrate can be detected in 
urine, allowing identification of prostate distress before visible symptoms occur.  
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2.1.4 Botanical health 
Long aliphatic dicarboxylic acids have been found to play key roles in plant biology. Traumatic acid 
(192) Figure 2-4, stimulates botanic cell division for improved cell growth and to activate wound 
healing in plants.224,225 The C9 azelaic acid (193) has also been identified as a ‘priming’ agent in 
botanical immunity. Post infection, 193 was found throughout the plant and linked to 
accumulation and production of salicylic acid initiating plant immune response.226,227 The ‘priming’ 
effect was not observed when the carbon backbone was changed to C8 or C10. As such, selective 
detection of azelaic acid could be used to identify distal bacterial infections in roots of plants or 
enhance inherent immune response. 
 
Figure 2-4: Structure of traumatic acid (left) and azelaic acid (right) which have active roles in botanical well-being. 
 
2.1.5 Industrial uses 
Aliphatic carboxylates including citric (180, Figure 2-2) and tartaric acid are used in the food 
industry to enhance flavours, while benzoic acid is used as a preservative.228 The concentration 
and types of acids present must be strictly controlled to adjust flavours as desired. Both aliphatic 
and aromatic dicarboxylates are used in industry for cosmetics229,230, batteries231 and as feedstock 
for the synthesis of polymers for both plastics232,233 and lubricants, Figure 2-5.234,235 As such 
selective sensors for these dicarboxylates could be used to monitor product quality as well as 
waste streams for pollution.  
 
 
Figure 2-5: Synthesis of the commercial plastic polyethylene terephthalate (top) and lithium dicarboxylates used as 
anodes in batteries (bottom). 
The above examples show that dicarboxylic acids are present in a wide variety of both biological 
and industrial processes. These diacids take on a range of shapes and sizes making selective 
recognition and sensing of individual dicarboxylates extremely difficult. Such a challenge could be 
overcome using the preorganised structures such as the fused [n]polynorbornane scaffolds.  
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2.2 Previously synthesised fused [n]polynorbornane hosts 
2.2.1 [3] and [5]polynorbornane hosts 
Pfeffer and co-workers have synthesised a variety of fused [n]polynorbornane frameworks 
functionalised with thiourea groups, Scheme 2-1. The binding arms of the hosts were located in 
the endo position of the polynorbornane rod creating a ‘staple’ conformation with an anion 
binding cleft underneath the framework. The size (length) of the cleft was controlled by the 
number of units in the polynorbornane backbone. Both [3] and [5] polynorbornane frameworks 
were synthesised using ACE coupling methodology.236 
 
Scheme 2-1: ACE coupling for the synthesis of [3]polynorbornanes (top) and [5] polynorbornanes (bottom) with staple 
conformation (right). i) CH2Cl2, 140 °C, 24 h, 48%. ii) THF, 140 °C, 24 h, 58%.236 
The requisite norbornene components were functionalised at either end with one or two binding 
arms which were orientated in the endo position, Scheme 2-2. Single armed norbornenes were 
synthesised by converting norbornene anhydride 204 into the imide 200. Alternatively, 
difunctionalised norbornenes were synthesised through twin amide coupling of 205 to afford 206. 
Following ACE coupling to afford (208) the remaining alkene bond was reduced to provide the 
endo orientated frameworks 209.237 
 
Scheme 2-2: Example synthesis of the three armed [3]polynorbornane. i) EDCI, BocEDA (210), EDCI, CHCl3, 21 °C, 48 h, 
40%. ii) DMAD (78), RuH2(CO)(PPh3)3 (77), THF, 70 °C, 72 h, 86%. iii) t-BuOOH, t-BuOK, THF 0 °C, 28 h, 69%. iv) THF, 
140-150 °C, 12-72 h, 89%. v) H2, Pd-OH/C, EtOH, 45 °C, 48 h, 98%.237 
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Through careful selection of the components of the ACE coupling reaction the polynorbornane 
frameworks were synthesised with two, three, or four arms. Following a one pot deprotection and 
thiourea functionalisation the hosts 211-216 were isolated and evaluated for their ability to bind 
anions through 1H NMR titration studies.   
 
Figure 2-6: Structure of previously developed fused [n]polynorbornane hosts.237,238 
 
2.2.2 Bisthiourea polynorbornanes 
In the prior studies anion titrations revealed that the two-armed hosts (211, 212) bound flexible 
dicarboxylate guests in a host:guest ratio of 1:1 (Table 2-1). The dianionic guests were bound more 
than an order of magnitude stronger than the ‘control’ monoanion acetate. The selective binding 
of dicarboxylates over acetate clearly demonstrates the benefits of complementarity. 
Unfortunately, the association constants for the binding of flexible dicarboxylates by [3] and [5] 
polynorbornane hosts were similar, despite the change in size of the binding cleft.  
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Table 2-1: Association constants for host 211 and 212 with dicarboxylate guests. Performed at 2.5 mM host 
concentration in DMSO.*Log kA 1:2.238,239 
  Host 
 Guest  [3] (211) (log kA)  [5] (212) (log kA) 
217  2.8 (2.3)
* 2.9 (2.3)* 
219  3.9 4.3 
185 
 
4.5 4.8 
220  ≥5.0 4.9 
221 
 
≥5.0 ≥5.1 
222  ≥5.0 ≥5.1 
223 
 
4.8 ≥5.0 
224 
 
3.6 4.3 
 
The non-selective binding of the dicarboxylates was attributed to the flexibility of the aliphatic 
linker of the dicarboxylates. Guests that were too large to fit inside the binding cleft of the host 
could adopt a curved conformation and ‘arc’ around the outside of the host (Figure 2-7, left). An 
induced fit model for the host was also proposed to influence binding. The flexible ethylene linker 
on the binding arms allowed the host to undergo minor realignments to optimise the binding cleft 
for the guest. The flexibility in 212 allows [5]polynorbornane hosts to bind smaller guests (Figure 
2-7, right).238 
 
Figure 2-7: Proposed binding mode for pimelate (C7, 222) dicarboxylate with [3] host (211) (left) and succinate (C4, 
185) dicarboxylate with [5] host (212) (right).238 
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2.2.3 Tristhiourea polynorbornanes 
For hosts containing three binding arms such as 213, the titration curves produced with 
dicarboxylate guests were unusual, Figure 2-8. Upon addition of the guest a rapid change in the 
chemical shift of the thiourea protons on the ‘dual’ functionalised end was observed. This change 
stopped after 1 equivalent of guest had been added. For the single thiourea ‘arm’, chemical shift 
barely changed during addition of the first equivalent of guest followed by a rapid shift for the 
second equivalent. A stepwise binding event was proposed with the first guest binding at the ‘dual’ 
thiourea end followed by weaker binding of the second guest at the mono thiourea end.  
 
    
Figure 2-8: Proposed binding of 213 with pimelate (C7, 222) guest (top) and titration isotherm (bottom), performed at 
2.5 mM host concentration in DMSO.238 
The stepwise addition was examined by 'split’ titration experiments which were performed using 
pimelate and acetate, Figure 2-9. One equivalent of the pimelate (222) guest was added to a 
solution of host 213 followed by titration with acetate (217). No change in the bisfunctionalised 
end was observed upon addition of acetate indicating that the pimelate remained bound 
throughout the titration (Figure 2-9, left).238 
The ‘split’ titration experiment was repeated with one equivalent of acetate (217) followed by 
titration of an excess of pimelate (222). Movement of the bisthiourea protons confirmed 
preferential binding of 222 at the ‘dual’ functionalised end. The displaced acetate was then bound 
at the single functionalised end, however upon further addition of 222 these protons were shifted 
further downfield (Figure 2-9, right). To rationalise these results it was proposed that the second 
equivalent of pimelate displaces the acetate at the single functionalised end resulting in a 
213:(222)2 complex. 
 47 | P a g e  
 
 
  
Figure 2-9: Preferred complex of 213 with 1 eq. pimelate (222) and 1 eq. acetate (217) (top) regardless of order of 
addition. Titration isotherm with acetate with 1 eq. pimelate (bottom left) and titration isotherm of pimelate with 1 eq. 
of acetate (bottom right), performed at 2.5 mM host concentration in DMSO.238 
 
2.2.4 Tetrathiourea polynorbornanes 
Titration of the four-armed host 225 also revealed two separate binding events, Figure 2-10. After 
initial host:guest binding of 1:1 no change in the chemical shift was observed between 1.0 – 1.2 
equivalents of guest. Further addition of guest produced a downfield shift which reached a 
maximum at 2.0 equivalents. The stepwise binding was rationalised by the first equivalent binding 
to all four thiourea arms inside the binding cleft in a 1:1 fashion. To accommodate the second 
equivalent of guest a change to 1:2 binding was observed, as evidenced by the titration curve. The 
‘plateau’ at 1.0-1.2 equivalents of is caused by competition between the two binding modes.238 
 
 
Figure 2-10: Structure of 1:1 (centre) and 1:2 (right) for host 225 guest 221 complex and titration isotherm (bottom), 
performed at 2.5 mM host concentration in DMSO.238 
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2.2.5 Contribution of norbornane framework to binding 
Further studies explored the contribution of the aliphatic framework towards the binding of 
guests. The synthetic intermediates of the fused [3]polynorbornane framework were 
functionalised with two thiourea arms, Figure 2-11. The single norbornane hosts 226 & 227 both 
bound acetate in the expected host:guest ratio of 1:2. Surprisingly a change in binding 
stoichiometry was observed for the [3]polynorbornane frameworks (228 & 229) which bound 
acetate in a host:guest ratio of 1:1. The change in binding stoichiometry was attributed to 
favourable lipophilic interactions between the host framework and methyl tail of the acetate 
guest.240  
 
Figure 2-11: Hosts 226-229 designed to determine the contributions of the framework to binding.240 
Strong binding of 229 with terephthalate (224) was also observed, Figure 2-12, given the short 
distance between the thiourea arms this result was unexpected. The rigid aromatic guest cannot 
adopt a bent conformation and as such binding must occur between the spatially similar arms. 
The lower association constants for 229 with terephthalate (224) compared to 211 was assigned 
to the more complementary, preorganised binding cleft of 211. 
 
Figure 2-12: Binding of terephthalate (224) by host 229 (left) and 211 (right), performed at 2.5 mM host concentration 
in DMSO. 236,240 
In summary, the discussed work demonstrated that the fused [n]polynorbornane scaffolds could 
be functionalised to bind dicarboxylate species. The selectivity was due to the preorganisation of 
the [n]polynorbornane preventing the bisthiourea arms from co-operatively binding a single 
monoanionic guest.  
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While increasing the number of thiourea groups produced interesting stepwise binding curves, 
the selectivity of hosts for specific guests was unchanged. The absence of selective binding was 
primarily due to the flexibility of the guest to adopt conformations to the binding cleft. However, 
the ability of large hosts to bind small guests suggested the hosts were also somewhat flexible and 
capable of binding in an induced fit mode. In this mode the flexible ethylene arms were proposed 
to ‘stretch’ underneath the [5]polynorbornane framework to accommodate the guest. 
 
2.3 Further probing of fused [n]polynorbornane bisurea hosts 
Although limited selectivity had been observed between the fused polynorbornane hosts and 
dicarboxylate guests, the strong association constants in competitive media (DMSO-d6) made 
them promising candidates for further refinement. In order to gain a better understanding of the 
potential of fused [n]polynorbornane hosts a more comprehensive series of aromatic 
dicarboxylate guests were selected for investigation in this project (Figure 2-13). The guests were 
selected in order to probe the effects of size and shape on binding. All of the guests possess a rigid 
nature and as such any change in binding must be due to the preorganisation and 
complementarity of the host. Correlating the preorganisation of the family of [n]polynorbornane 
scaffolds to guest size and shape will enable supramolecular chemists to select the correct 
framework to bind specific guests.   
5.9 Å 8.1 Å 10.2 Å
 
Figure 2-13: Aromatic guest used to probe the cleft size of hosts. 
A new [6]polynorbornane host (232), incorporating the bridged bisnorbornane (1), was also 
identified as a scaffold worth pursuing as it is a non-curved framework. The length of this new 
scaffold is increased not only by the extra norbornane unit but also as a result of straightening of 
the polynorbornane backbone. This straightening also has an effect on the preferred orientation 
of the thiourea units in relation to each other. Molecular modelling using Hartree-Fock, 3-21G 
calculations revealed the thioureas are not perfectly oriented towards the centre.  The thioureas 
of host 211 and 232 had an angle of convergence of 143° and 140° respectively, while host 212 
(169°) creates a more linear (180°) binding cleft, Figure 2-14.  
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Figure 2-14: Molecular modelling of known hosts 211 (left), 212 (middle) and new host 232* (right) highlighting (i) the 
length and (ii) the angle of convergence of the thioureas, calculated with Spartan using Hartree-Fock 3-21G. *central 
esters removed after modelling. 
 
2.3.1 Synthesis of [3], [5] & [6]polynorbornane hosts 
The [3] and [5] polynorbornane scaffolds were readily synthesised according to procedures 
previously outlined by Pfeffer et. al., Scheme 2-3 and Scheme 2-4 respectively.237  
The [3]polynorbornane framework was accessed by conversion of norbornene anhydride (204) to 
the norbornene imide (200). The functionalised norbornene was then converted to the 
cyclobutane epoxide (199) in two steps according to the previously discussed Mitsudo [2π +2π] 
(1.3.3) and Weitz-Scheffer (1.3.6) epoxidation protocols. The final step for framework 
construction involved ACE coupling of the alkene (200) with the cyclobutane epoxide (199) under 
microwave irradiation.  
 
Scheme 2-3: Synthesis of [3]polynorbornane framework. i) PhCH3, μw: 100 °C, 1h. ii) DMAD (78), Ru cat. (77), DMF, μw: 
100 °C, 10 min. iii) t-BuOOH, t-BuOK, THF, 0-21 °C, 16 h. iv) DMF, μw: 150 °C, 10 min. 
A more convergent approach was used for the [5]polynorbornane which involved formation of a 
bisepoxide central unit (202), followed by twin ACE coupling with norbornene imide (200), Scheme 
2-4. The central unit was synthesised by heating quadricyclane (233) with DMAD (78) in a pressure 
vessel. The highly strained quadricyclane undergoes [2π + 2σ + 2σ] cycloaddition to afford a 
tricyclic known as Smiths diester241-243 (234) which was then converted to the diene (83) using 
Mitsudo [2π + 2π] cycloaddition conditions. Dual Weitz-Scheffer epoxidation of (83) afforded the 
biscyclobutane epoxide (202) which underwent twin ACE cycloaddition with 2 equivalents of 
alkene (200) to afford 203. 
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Scheme 2-4: Synthesis of [5]polynorbornane framework. i) DMAD, DMF, PV: 90 °C, 4 h. ii) DMAD (78), Ru cat. (77), 
DMF, PV: 140 °C, 4 d. iii) t-BuOOH, t-BuOK, THF, 0-21 °C, 16 h. iv) DMF, μw: 150 °C, 10 min. 
The synthetic pathway for the new [6]polynorbornane adopted aspects from both the [3] and 
[5]polynorbornane synthesis. Retrosynthetic analysis of framework 235 revealed two possible 
disconnections, Scheme 2-5. Pathway A was similar to the [5]polynorbornane synthesis where a 
central unit could be coupled as the biscyclobutane epoxide, prepared using the Mitsudo, Weitz-
Scheffer protocols. Pathway B used the bridged bisnorbornene 1 as the alkene partner in the ACE 
coupling reaction with two equivalents of the known cyclobutane epoxide 199 gives the complete 
framework. Due to the synthetically challenging nature of the bridged bisnorbornene 1 pathway 
B was chosen for this project.  
 
Scheme 2-5: Retrosynthetic pathways for the construction of 235. 
The bridged bisnorbornene 1 was successfully synthesised using modifications outlined by 
Paquette et. al.244  as discussed in section 1.4.1. In Figure 2-15 the top spectra is of the crude 
material with the highlighted peaks corresponding to the desired diene 1. After selective 
saponification of the undesired products the resulting product gives a vastly improved spectrum, 
Figure 2-15 (bottom). This material was subject to column chromatography to afford the desired 
product with only trace impurities.  
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Figure 2-15: 1H NMR spectra of 1 in CDCl3 as the crude reaction mixture (top) and after the selective hydrolysis 
(bottom). 
The central bisalkene 1 was combined with two equivalents of cyclobutane epoxide 199 and 
heated under microwave irradiation (140 °C, 10 min), Scheme 2-6. Following a simple trituration 
(CH3OH) the bisBoc protected framework was isolated in a good yield of 65%.  
 
Scheme 2-6: ACE coupling of [6]polynorbornane framework 235. i) DMF, μw: 140 °C, 10 min, 65%. 
The endohedral protons of 199 which are deshielded by the epoxide undergo large upfield shifts 
δ = 1.88 upon conversion to the fused norbornane framework. This shift was caused by 
reorientation of the O atom when the epoxide was converted to the oxa bridge removing its 
deshielding effect on the observed proton. Alkene signal at δ = 6.07 was replaced by an aliphatic 
peak hidden by the residual DMSO peak (δ ≈ 2.50). The hidden peak was confirmed along with the 
central bridge protons through direct correlation HSQC experiments (Figure 2-16). 
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Figure 2-16: 1H–13C HSQC experiment for 235 in DMSO-d6 with concealed 1H correlation peaks highlighted. 
Functionalisation of the polynorbornane frameworks was achieved using a one pot process 
involving Boc deprotection and reaction with isothiocyanate, Scheme 2-7. For example, treatment 
of the framework with trifluoroacetic acid (TFA) afforded the corresponding bisamine as a TFA salt 
which was treated with two equivalents of 4-fluorophenyl isothiocyanate and base to give the 
thiourea product in good yield (77%).  
 
Scheme 2-7: Synthesis of thiourea host 232. i) TFA, CH2Cl2, 21 °C, 4 h. ii) 4-FPh-NCS, DIPEA, CHCl3, 21 °C, 20 h, 77%. 
The loss of the intense signal at δ = 1.35 indicated complete cleavage of the Boc protecting groups. 
Successful coupling of the isothiocyanate was confirmed by the downfield shift of the methylene 
signal (δ = 3.00) which becomes indistinguishable from the neighbouring CH2 at δ = 3.60. The 
amine (protected as a carbamate) proton also undergoes a downfield shift (δ = 6.91 → 7.67) upon 
conversion to the thiourea (CH2NH) while a new signal appears at δ = 9.53 for the new thiourea 
(ArNH) proton (Figure 2-17).  
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Figure 2-17: 1H NMR of 232 in DMSO-d6 with selected peaks highlighted. 
New aromatic peaks are also present in the spectra from the para substituted phenyl ring. The 
aromatic protons experience enhanced splitting due to J coupling with the 19F nuclei. This coupling 
was also observed in the 13C spectra with J coupling occurring across three bonds. Unusually the 
doublet assigned to the carbon directly bonded to the fluorine has unequal intensities. Integration 
of the two peaks revealed a 1:1.3 ratio yet the two peaks are the only signal with the appropriate 
J coupling (J1C-F 242 Hz). Further analysis by 1H-13C HMBC confirmed identical coupling patterns for 
both peaks also suggesting the two peaks were a single resonance. To ensure purity of the 
synthesised material a 19F spectra was also acquired with decoupling to enhance resolution. A 
single peak at δ -117.0 (external reference, PhCF3 in DMSO-d6, Chapter 6)245 was observed in the 
19F spectra confirming the presence of a single aromatic fluorine.  
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Figure 2-18: NMR spectra of 232 19F (top) and splitting of aromatics 13C signals (bottom) in DMSO-d6. 
 
2.3.2 Evaluation  
The hosts were evaluated using 1H NMR anion titration techniques with a constant host 
concentration (2.5 mM) (Section 6). Anionic guests were prepared as TMA salts (Section 6.1). The 
resulting binding curves were fitted using bindfit online fitting program with 1:1, 1:2 and 2:1 
host:guest binding modes.246,247 Unless otherwise stated all host:guest complexes were 
successfully fitted to 1:1 binding models with errors of ≤15% om the calculated association 
constant.  
 
2.3.2.1 Rigid guests 
Each host was evaluated against the rigid guests terephthalate (224), naphthalate (230) and 
biphenylate (321).  
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2.3.2.1.1  [3]polynorbornane host 211 
Binding of host 211 with the small terephthalate guest was of moderate strength (log kA = 3.04) 
as expected. The longer guest naphthalate (log kA = 2.81) and biphenylate (log kA = 2.77) were not 
bound as efficiently as the terephthalate guest.  
Table 2-2: Binding of rigid dicarboxylates with 211. 
Guest H:G Log kA Error % 
Terephthalate (224) 1:1 3.04 5 
Naphthalate (230) 1:1 2.80 5 
Biphenylate (231) 1:1  2.77 3 
 
As the aromatic dicarboxylates are rigid the thiourea groups of the host must be separated by an 
appropriate linear distance to bind. The length of the [3]polynorbornane allows it to form strong 
linear hydrogen bonds with the terephthalate guest. However, the longer guests are larger than 
the binding cleft of 211 and as such must form non-linear hydrogen bonds in order to coordinate 
both thiourea groups, Figure 2-19. This weaker interaction is reflected in the association constant.  
 
 
 
  
Figure 2-19: Possible host guest complex (top) and titration isotherms (bottom), performed at 2.5 mM host 
concentration in DMSO for 211:224 (left) and 211:230 (right). 
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The [3]polynorbornane host 211 is too short to accommodate the longer guests. Importantly the 
binding observed for 211 with 230 (log kA = 2.80) are similar to that reported for host 211 with 
acetate (log kA 1:1 = 2.8, 1:2 = 2.3).237  
 
2.3.2.1.2 [5]polynorbornane host 212 
Strong 1:1 binding was observed between 212 and terephthalate (log kA = 3.83). The observed 
binding decreased as the length of the guest increased, naphthalate (log kA = 3.00) and biphenylate 
(log kA = 2.49).  
Table 2-3: Binding of rigid dicarboxylates with host 212. 
Guest H:G Log kA Error % 
Terephthalate (224) 1:1 3.83 11 
Naphthalate (230) 1:1 3.00 4 
Biphenylate (231) 1:1  2.49 3 
 
The strong binding between host 212 and the terephthalate (224) guest was expected as the larger 
cleft size and more linear angle of the host (10.8 Å, 169°) is highly complementary to the guest 
(7.1 Å, 180°), Figure 2-20 (left). A negative correlation exists between the size of the guest and the 
how strongly it is bound by host 212 with moderate binding for naphthalate (230, Log kA = 3.00) 
and weak binding for the longest biphenylate (231, Log kA = 2.49). The binding of biphenylate (231) 
by [5]polynorbornane host (212) was also similar to the binding of acetate by host 212 (Log kA 1:1 
= 2.9, 1:2 = 2.3).238,239  
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Figure 2-20: Possible host guest complex (top) and titration isotherms (bottom), performed at 2.5 mM host 
concentration in DMSO for 212:224 (left) and 212:230 (right). 
Comparing the [5]polynorbornane to the [3]polynorbornane hosts, the terephthalate guest was 
bound more strongly by the [5]polynorbornane 212 (log kA = 3.83) than the [3]polynorbornane 
211 (log kA = 3.03). This indicates that the binding cleft of the [5]polynorbornane scaffold is more 
complementary to the size of the terephthalate. This is also reflected in the improved association 
constants for naphthalate with 212 (log kA = 3.00) over 211 (log kA = 2.80). The longer cleft size of 
the [5]polynorbornane allows the supramolecular hydrogen bonds to approach a more linear 
conformation resulting in stronger binding.  
The improved binding of both guests by the [5]polynorbornane host compared to the 
[3]polynorbornane host confirmed that the longer binding cleft successfully accommodate larger 
guests. As such even longer hosts were expected to be highly complementary to the naphthalate 
guest. 
 
2.3.2.1.3 [6]polynorbornane host 232 
The large cleft of the [6]polynorbornane host was expected to be too large for terephthalate (224), 
but highly complementary for the longer naphthalate (230) and biphenylate (231). Surprisingly, 
the three guests were all bound strongly by host 232, with subtle differences in the calculated 
association constants.  
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Table 2-4: Binding of rigid dicarboxylates with host 232. 
Guest H:G Log kA Error % 
Terephthalate (224) 1:1 3.44 4 
Naphthalate (230) 1:1 3.68 6 
Biphenylate (231) 1:1 3.53 4 
 
Binding of the short terephthalate guest was the weakest of the three (log kA = 3.44), Figure 2-21. 
As the norbornane framework is much larger than the length of the guest the binding arms must 
stretch underneath the polynorbornane framework, preventing the formation of strong hydrogen 
bonds.  
 
 
 
Figure 2-21: Proposed binding of 232 with 224 (left) and titration isotherm (right), performed at 2.5 mM host 
concentration in DMSO. 
A ‘Goldilocks’ scenario exists for host 232 and the three guests, where 224 is too short, 231 is too 
long, but 230 is just right. The naphthalate guest, of intermediate length, is highly complementary 
to the size of the [6]polynorbornane framework and as such both host and guest are highly 
preorganised for binding. This correct size and shape match results in the strongest association 
constant produced for host 232 with the aromatic guests. 
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Figure 2-22: Proposed binding of 232 with 230 using Hartree-Fock F21-G* calculations (left)* and titration isotherm 
(right), performed at 2.5 mM host concentration in DMSO. *Ester groups removed for clarity. 
The binding of the rigid guests (224, 230, 231) by the [3], [5] and [6]polynorbornane hosts 
demonstrated that the preorganisation of the three hosts influence the binding of guests. The 
shortest [3]polynorbornane host showed weak binding for all three guests (Log kA ≤ 3.05). The 
[5]polynorbornane host bound the terephthalate guest (log kA = 3.83) much stronger than the 
longer guests (log kA ≤ 3.00). The largest [6]polynorbornane host bound the naphthalate guest 
stongest (log KA = 3.68) indicating that extremely large hosts are required to achieve strong 
binding with the biphenylate guest.  
 
2.3.2.2 Flexible guests 
The new [6]polynorbornane host was also assessed against a range of flexible dicarboxylates to 
compare it with previous studies in which the [3] and [5]polynorbornane hosts were used. The 
large increase in size of the [6]polynorbornane compared to the [5]polynorbornane was expected 
to result in selectivity for longer dianionic species. As such the dicarboxylates connected by alkyl 
chains of C6, 8, 9 and 12 were selected to probe host 232.  
 
Figure 2-23: Structure of flexible dicarboxylate guests, from left to right: Adipate (C6, 221), Suberate (C8, 223), Azelate 
(C9, 239), and Dodecandioate (C12, 240). 
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It should be noted that in the previous studies the aliphatic dicarboxylates were bound up to an 
order of magnitude more strongly than aromatic carboxylates of similar length due to the higher 
pKa of the aliphatic acids (adipic acid pKa1 = 4.42, pKa2 = 5.41) compared to aromatic acids 
(terephthalic acid pKa1 = 3.51, pKa2 = 4.82).237-239,248 As such stronger association constants were 
expected for the aliphatic dicarboxylates. Extremely strong binding was observed for host 232 
with aliphatic dicarboxylates of at least 8 carbons in length. For the shortest aliphatic guest adipate 
(C6) the association constant was comparatively low.  
Table 2-5: Binding of flexible dicarboxylates by host 231. 
Guest H:G Log kA Error % 
Adipate C6 (221) 1:1 3.98 11 
Suberate C8 (223) 1:1 4.87 15 
Azelate C9 (239) 1:1 4.27 14 
Dodecandioate C12 (240) 1:1 4.45 13 
 
The adipate guest 221 is far shorter than the [6]polynorbornane framework even when fully 
extended, Figure 2-24. As such adipate (C6, 221) must adopt a specific conformation in order to 
bind both thiourea groups. The entropic penalty associated with this rearrangement is reflected 
in the association constant (log kA = 3.98). 
 
 
 
Figure 2-24: Proposed host:guest complex of 232:221 (left) and corresponding titration isotherm (right), performed at 
2.5 mM host concentration in DMSO.  
The association constants could also reflect additional interactions between the host and guest. 
The central methyl esters are orientated directly into the binding cleft of host 232. The close 
proximity to the guest has the potential to form van der Waals or steric interactions. The flexibility 
of the aliphatic dicarboxylates allows the guest to maximise these interactions to form the most 
stable complex. Small shifts of δ = 0.05 – 0.15 ppm were observed for the methyl ester signal, 
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indicating that they are influenced by the binding of guests. Unfortunately, appropriate binding 
isotherms could not be produced due to interference from neighbouring resonances.  
The extremely strong binding of the longer dicarboxylates (eg. C9, Log kA = 4.27, Figure 2-25) was 
attributed to the highly complementary size of the guest with the host binding cleft. The guest has 
multiple conformations which are capable of binding as such the host and guest are both highly 
preorganised for binding. 
 
 
 
Figure 2-25: Proposed host:guest complex of 232:239 (left) and corresponding titration isotherm (right), performed at 
2.5 mM host concentration in DMSO.  
These studies have reinforced that fused [n]polynorbornane hosts bind aliphatic dicarboxylates 
much stronger than the similarly sized aromatic dicarboxylates. A large decrease in binding was 
observed for [6]polynorbornane host (232) with adipate (C6, log kA = 3.98) compared to longer 
dicarboxylates (log kA ≥ 4.27). These results demonstrate the potential to synthesise fused 
[n]polynorbornane hosts that are selective for longer guests, even when are capable of 
conformational adjustment.  
 
2.3.3 Evaluation of thiourea convergence  
Molecular modelling of the hosts revealed that the inherent curving of the norbornane backbone 
influences the orientation of the thiourea arms, Figure 2-14. In order to probe the angle of 
convergence between the thiourea arms titrations were performed using the structural isomer 
terephthalate (224) and isophthalate (241). The dipicolinate guest (242) was also evaluated due 
to its biological relevance and structural similarities with (241), Figure 2-26. 
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Figure 2-26: Structure and shape of terephthalate (224), isophthalate (241) and dipicolinate (242), calculated with 
Spartan using Hartree-Fock 3-21G. 
 
2.3.3.1 [3]polynorbornane host 211 
Molecular modelling for the [3]polynorbornane revealed that thiourea groups are not oriented 
towards each other in a linear fashion (180°). Instead the two groups are oriented in an offset 
angle in relation to each other, where the angle of convergence is defined as the angle at the point 
of intersection of the plane of the C=S bonds. The angle of the dicarboxylate guests was defined 
by the angle between the two C(O2-)–CAr bonds. As the angle between the thioureas of host 211 
is 143°, the ‘bent’ isophthalate (123°) was predicted to bind strongly as the arms are preorganised 
for binding.   
Table 2-6: Binding of host 211 with angled guests.  
Guest H:G Log kA Error % 
Terephthalate (224) 1:1 3.04 5 
Isophthalate (241) 1:1 4.95 15 
Dipicolinate (242) 1:1 2.98 4 
 
Binding of isophthalate by [3]polynorbornane host 211 was extremely strong (log kA = 4.95), 
approaching the limit for NMR titration methods, Figure 2-27. The binding was almost two orders 
of magnitude stronger than that observed for terephthalate (log kA = 3.04), despite the similar 
lengths of the guest. This indicates that the enhanced binding is a result of a complementary shape 
of the binding cleft of 211 with the meta-orientation of the dicarboxylates of guest 241.   
 64 | P a g e  
 
 
 
 
Figure 2-27: Molecular modelling of complex 211:241 calculated with Spartan using Hartree-Fock 3-21G (left) and 
titration isotherm (right), performed at 2.5 mM host concentration in DMSO.  
Modelling studies show that the four hydrogen bonds responsible for the complex form short 
intermolecular contacts (1.61-1.78 Å). The angle of the hydrogen bonds was between 162-176°, 
very close to the optimal 180°. Comparison of the models of the energy minimised 211 with those 
for the complex reveal only minor adjustments are required from the host to bind the isophthalate 
guest, Figure 2-28.  
 
Figure 2-28: Overlay of models for the complex 211:241 over the free host 211,calculated with Spartan using Hartree-
Fock 3-21G.  
Given the extremely strong binding of the isophthalate by 211 the biologically relevant 
dipicolinate guest, in which a C─H is replaced by a nitrogen, was also expected to bind strongly. 
Unfortunately, titration studies clearly indicated weak binding of dipicolinate (log kA = 2.98) 
compared to the isophthalate, Figure 2-29. As only small changes exist between the size and shape 
of the two guests the electronic effect of the pyridyl nitrogen plays a significant role on binding by 
influencing the pKa of the dicarboxylate.248 These results suggest that for strong binding of the 
dipicolinate favourable supramolecular bonds between the host and the pyridyl nitrogen are 
required.  
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Figure 2-29: Binding of dipicolinate (242) by host 211 (left) and titration isotherm (right), performed at 2.5 mM host 
concentration in DMSO. 
 
2.3.3.2 [5]polynorbornane host 212 
Energy minimised models of the curved [5]polynorbornane framework suggested that the natural 
curve of the polynorbornane results in the thiourea units adopting a more convergent angle than 
those in the [3]polynorbornane. As such host 212 was not expected to bind ‘bent’ isophthalate 
(241) as effectively as it bound terephthalate.  
Table 2-7: Binding of 212 with angled guests. 
Guest H:G kA Log kA Error % 
Terephthalate (224) 1:1 6800 3.83 11 
Isophthalate (241) 1:1 15000 4.18 13 
Dipicolinate (242) 1:1 7400 3.87 12 
 
As expected terephthalate was bound by [5]polynorbornane (212) much stronger (log kA = 3.83) 
than for [3]polynorbornane 211 (log kA = 3.04). The improved binding was rationalised by the more 
convergent linear orientation of the thiourea groups in host 212 (169°), opposed to the angled 
geometry of 211 (143°).  
It was surprising however that the [5]polynorbornane host (212) bound the ‘bent guest 
isophthalate (log kA = 4.18) more efficiently than the terephthalate guest (log kA = 3.83).  
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Figure 2-30: Structure (top) and titration isotherm (bottom) for complex 212:224 (left) and 212:241 (right), performed 
at 2.5 mM host concentration in DMSO. 
Molecular modelling of the terephthalate complex 212:224 confirmed the high level of 
complementarity between the host and guest. However, modelling of the isophthalate complex 
identified an alternate strong binding conformation. A single oxygen of each carboxylate forms 
hydrogen bonds to both of the thiourea protons. Binding the isophthalate in this manner negates 
the 1,3-orientation of the guest, while matching the distance of the binding oxygen’s (7.2 Å) to 
that of terephthalate (7.1 Å). The models for both complexes maintained the energy minimised 
conformation of the free host. Several literature reports have shown the ability of thiourea to bind 
oxoanions in this manner including the crystal structure of bisthiourea host 243 with benzoate 
(244), Figure 2-31.249-251 
 
  
Figure 2-31: Molecular model of 212:241 calculated with Spartan using Hartree-Fock 3-21G (left), chemdraw structure 
of 243:244 (middle) and the corresponding crystal structure (right).252 
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Strong binding was also observed for host 212 with dipicolinate (log kA = 3.83), Figure 2-32, a 
significant increase over those for 211 and dipicolinate (Log kA = 2.98). Molecular modelling was 
unable to provide a definitive explanation for the enhanced binding of 242 by the 
[5]polynorbornane host. It is possible that the larger binding cleft [5]polynorbornane compared 
to the [3]polynorbornane is capable of greater structural rearrangement to maximise secondary 
favourable intermolecular such as van der Waals interactions. Small shifts (δ ≈ 0.5 ppm) were 
observed for the signals assigned to the guest protons, supporting the presence of weak secondary 
interactions.  Further studies are required in order to accurately determine the exact contributing 
properties to the binding of 242 by 212.  
 
 
 
Figure 2-32: Possible complex of 212:242 (left) and titration isotherm (right), performed at 2.5 mM host concentration 
in DMSO. 
 
2.3.3.3 [6]polynorbornane host 232 
As the binding cleft of the [6]polynorbornane host is much larger than this series of guests weaker 
binding was predicted. The moderate binding of terephthalate (log kA = 3.44) and isophthalate (log 
kA = 3.28) supports the theory that, while not ideal, the polynorbornane hosts are able to 
accommodate guests that are much smaller, certainly better than those that are much larger.  
Table 2-8: Binding of 232 with angled guests. 
Guest H:G kA Log kA Error % 
Terephthalate (224) 1:1 2700 3.44 4 
Isophthalate (241) 1:1 1900 3.28 3 
Dipicolinate (242) 1:1 530 2.73 4 
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The moderate binding for 232 with isophthalate (241, Log kA = 3.28) was attributed to the poor 
size and shape fit between the host and guest, Figure 2-33. The isophthalate is much smaller than 
the [6]polynorbornane host (5.1 Å vs 14.9 Å) and as such the guest cannot span the distance 
between the thiourea units. If the isophthalate was to adopt the same binding mode it did for the 
[5]polynorbornane:isophthalate complex then the resulting complex had a poor shape fit with the 
host having an angle of 140° while the binding oxygens is near linear (≈180°).   
 
 
 
Figure 2-33: Proposed structure of 232:241 (left) and titration isotherm (right), performed at 2.5 mM host 
concentration in DMSO.  
The weak binding of the dipicolinate (log kA =2.73) guest by 232 was in line with the results for 
previous hosts.  
The [3]polynorbornane host 211 bound isophthalate (241) extremely strongly (log kA = 4.95); 
attributed to the highly complementary size and shape of host and guest. The [5]polynorbornane 
host showed strong binding for both terephthalate and isophthalate (log kA = 3.83 and 4.18 
respectively) suggesting the isophthalate adopts an alternating binding mode. The 
[6]polynorbornane host (232) which was much larger than guests 224, 241 and 242 leading to only 
moderate or weak binding.    
 
2.4 Summary 
A new [6]polynorbornane bisthiourea host (232) was successfully synthesised containing a central 
bridged bisnorbornane unit to straighten the framework. In order to gain a better understating of 
the preorganisation of the three [n]polynorbornane hosts (211, 212 and 232) a selection of rigid 
dicarboxylates guests were selected. The terephthalate (224), naphthalate (230) and biphenylate 
(231) guests were selected to probe the size of the binding cleft and suggest that the hosts are 
more discriminatory to guests which are too large (211:230 log kA = 2.80) than those that are too 
small (232:241 log kA = 3.28).    
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The angle of convergence between the thiourea binding groups of the three hosts was then 
probed using terephthalate (224), isophthalate (241) and dipicolinate (242). The high 
complementarity of both size and shape between [3]polynorbornane host 211 with isophthalate 
produced extremely strong binding. The unexpected strong binding between [5]polynorbornane 
host 212 and the ‘bent’ isophthalate was attributed to an alternate binding conformation that 
involved both thiourea protons coordinating a single oxygen.  
Finally, the new [6]polynorbornane host (232) was evaluated with flexible dicarboxylates (221, 
223, 239 and 240) to compare it to previous studies. The [6]polynorbornane 232 was the first 
polynorbornane host to show selective binding of aliphatic dicarboxylates. Moderate binding was 
observed for adipate (C6, 221 log kA = 3.98) which was too short to effectively span the binding 
cleft. Dicarboxylate guests with a chain length of C8 or greater were shown to bind extremely 
strongly with the [6]polynorbornane host (log kA ≥ 4.27).  
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3 Further tuning of fused [n]polynorbornane hosts 
With an improved understanding of the anion binding behaviour of the fused [n]polynorbornane 
host attention turned to enhancing the binding of guests with an eye to selectivity. This chapter 
will focus on three methods for manipulating the binding of fused [n]polynorbornane hosts. The 
first method focuses on altering the phenyl substituents to modify the electronics of the thiourea. 
The second method involves replacing the thiourea recognition group for a squaramide group.  
The third aspect of this chapter will introduce additional supramolecular interactions, both 
favourable and unfavourable, using the [6]polynorbornane framework. Finally, this chapter will 
discuss future modifications to the hosts to improve guest binding, selectivity, sensing and 
manipulation of physical properties.   
 
3.1 Electronics  
Enhancing the acidity of the thiourea has been proven to enhance anion binding strength.42 
Previous work by Pfeffer et. al. revealed that a combination of subtle changes in both 
preorganisation and electronic properties could even elicit a change in binding stoichiometry.253 
In order to study the effects of the electronics on binding the previously synthesised 4-nitrophenyl 
and 4-fluorophenyl [5]polynorbornane series of hosts was expanded in this project to include the 
4-(trifluoromethyl)phenyl and 2,6-diflurophenyl, Scheme 3-1. The four [5]polynorbornane hosts 
were synthesised according to the synthetic procedure outlined in section 2.3.1 by using the 
appropriate isothiocycante. The thiourea formation reaction for the four hosts proceeded in 
moderate to good yields.   
 
Scheme 3-1: Thiourea formation. i) TFA, CH2Cl2, 21 °C, 4h. ii) DIPEA, ArNCS, CHCl3, 21 °C, 20 h. 
The four hosts were hosts were then evaluated for binding against the aromatic dicarboxylates 
terephthalate (224), isophthalate (241), naphthalate (230) and biphenylate (231), Figure 3-1. 
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Figure 3-1: Structure of dicarboxylate guests. 
The stongest binding occurred with the 4-nitrophenyl substituted host 246, Table 3-1. The strong 
electron withdrawing nature of the nitro substituent increases the acidity of the thiourea and in 
turn creates better hydrogen bond donors. In most anion binding studies a positive correlation 
exists between the binding strength and the electron withdrawing ability of the aryl substituent, 
Figure 3-2.  
Table 3-1: Association constants for [5]polynorbornane hosts substituted with different EWG with rigid guests. Error in 
association constant ≤ 15%, except for Log kA > 5 then error ≤ 30% due to decreased accuracy of data points, 
performed at 2.5 mM host concentration in DMSO. 
 Guest Log kA  
 Terephthalate Isophthalate Naphthalate Biphenylate 
4-Nitro (246) >5 >5 3.43 3.25 
4-Trifluoromethyl (245) 4.11 4.56 3.36 3.07 
2,6-Difluoro (247) 4.23 4.42 3.27 2.72 
4-Fluoro (212) 3.83 4.18 3.00 - 
 
 
Figure 3-2: Graph of association constants for [5]polynorbornane hosts 212,245-247.  
A guest with electron withdrawing substituents, tetrafluoroterephthalate (248, Figure 3-3) was 
used to study the effects of electronics on binding. The four fluorine groups are highly 
electronegative and are able to inductively stabilise the anionic charge of the carboxylate, 
resulting in a lower electrostatic potential for this guest. The well-studied 4-nitrophenyl 
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[5]polynorbornane host 246 was used as the host for this titration as it was most likely to elicit 
binding.  
Weak binding was observed for host 246 with tetrafluoroterephthalate (248, Log kA = 2.94) at least 
two orders of magnitude lower than the binding of terephthalate (224, Log kA > 5), Figure 3-3. 
Steric effects from the fluorine atoms were unlikely to influence the binding event as it has been 
shown that fluorine and hydrogen have similar van der Waals radii (1.47 and 1.20 Å 
respectively).254-256 As such replacing hydrogen atoms with fluorine has become a common 
practice in enhancing stability and efficacy of drugs without influencing steric properties.256-258 
Further, the controlled flexibility of the host, has already been shown to accommodate larger 
guests. As such, the markedly weaker binding was attributed primarily to the electronic influence 
of the four fluorine substituents.  
   
  
Figure 3-3: Titration isotherm for host 246 with terephthalate (left) and tetrafluoroterephthalate (right), performed at 
2.5 mM host concentration in DMSO.  
 
3.2 Squaramide functionalised [5]polynorbornane hosts 
While the aromatic dicarboxylates used in section 3.1 above were bound strongly by the 5-
nitrophenyl host 246, thiourea hosts are known to deprotonate in the presence of strong 
anions.44,238 Deprotonation of the thiourea forms an anionic charge on the host which can cause 
repulsive interactions with the desired guest. As such synthesising hosts capable of strong binding 
with anions that are less prone to deprotonation is critical in the design of future hosts. To this 
end alternate recognition groups that could be attached to the [n]polynorbornane framework 
without making significant changes to the synthetic pathway were sought.   
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Recent literature has focussed on replacing urea and thiourea recognition sites with 3,4-
diaminocyclobut-3-ene-1,2-dione (31, Figure 3-4). Also known as the ‘squaramide’259 group it 
contains two hydrogen bond donors which are preorganised in a similar fashion to the thiourea. 
The two nitrogen groups are conjugated to their respective carbonyl creating a highly resonance 
stabilised structure. Computational studies performed by Frontera et. al.54 demonstrated that the 
carbonyl functional groups were capable of binding tetraalkylammonium cations, due to an 
increase in aromatic nature of the squaramide. However the squaramide recognition group has 
found application in the field of anion recognition,54 therefore the squaramide group has the 
ability to bind both the anion and cation. Further computational studies by Frontera et. al. showed 
enhanced aromaticity for the squaramides bound to both an anion and cation over binding of 
either separately. 260,261 
 
Figure 3-4: Resonance structures of squaramide 31 indicating electron rich oxygen and electron poor nitrogens. 
Xie et. al.262 first demonstrated the potential of squaramides as chiral catalysts by the reduction 
of prochiral ketones using 249. Since then a range of chiral groups have been attached to 
squaramides to catalyse various synthetic reactions including conjugate additions using 250263 
and Friedel-Crafts reactions using 251.264  
 
Figure 3-5: Squaramide derivatives used as chiral catalysts.262-264  
Gale et. al.265 synthesised squaramides such as 252 which were capable of efficiently transporting 
bound anions across lipid bilayers. The squaramides were more effective than thiourea and urea 
analogues and were noted as possible treatments for diseases which cause malfunctions in ion-
channels. Recently Davis et. al.266  synthesised cholic acid bissquaramido receptor 253 which also 
showed strong binding to anions and efficient chloride/nitrate exchange for large unilamellar 
vesicles. The bissquaramido host 254 synthesised by Jolliffe et. al.267 has shown selectivity for 
sulphate anions, with strong binding achieved even in highly competitive 20% H2O/DMSO-d6 (kA = 
1116 M-1). 
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Figure 3-6: Squaramide hosts for anion recognition.265-267 
Other applications for the squaramide class of compounds include the treatment of Chagas 
disease, for example compound 255 showed excellent activity and low toxicity.268 Squaramides 
have also been shown to aggregate into ribbon structures which in turn were used to construct 
co-crystals (256) with dicarboxylates or transition metals, with potential applications in crystal 
engineering.269 
 
Figure 3-7: Squaramides derivatives used in medicine (left)268 and crystal engineering (right).269 
In the use of these examples the squaramide compounds have shown improved binding over urea 
and thiourea analogues. The squaramide group therefore has the potential to improve the binding 
of the polynorbornane hosts.  
 
3.2.1 Design and synthesis of [5]polynorbornane squaramide hosts 
Several literature reports have identified the 4-nitrophenyl squaramides to be extremely prone to 
deprotonation.270-272 As such the 4-fluorohenyl and 3,5-bis(trifluoromethyl)phenyl squaramide 
units were selected for installation to the [5]polynorbornane framework, Figure 3-8.  
 
Figure 3-8: Structure of [5]polynorbornane bissquaramido hosts.  
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The squaramides can be synthesised in two steps (i) careful nucleophilic substitution of squaric 
diesters with a selected amine. (ii) The resulting squaramido esters (262) could then be attached 
to the amine functionalised polynorbornane framework through the same reaction, Scheme 3-2.  
 
Scheme 3-2: Nucleophilic substitution of squaric esters.  
The two selected squaramide esters were synthesised smoothly in good yields, Scheme 3-3. 
Although several literature reports claim complete conversion of the starting material within a 
matter of hours, under these conditions only moderate yields were achieved (261a = 59%).273 
Other literature methods used longer reaction times at ambient conditions and under these 
conditions the desired product was isolated in slightly improved yields (261a = 68%).274.  
 
Scheme 3-3: Synthesis of squaramido esters. i) CH3OH, 21 °C, 48 h. 
Installation of the squaramido esters to the [5]polynorbornane framework was attempted using 
the same conditions as thiourea coupling, Scheme 3-4. However, the desired product could not 
be identified in the 1H NMR of the reaction mixture. The failure to produce 257 was attributed to 
the poor solubility of the squaric starting material and a more appropriate solvent was selected.  
 
Scheme 3-4: Attempted synthesis of [5]polynorbornane bissquaramide host 257. i)TFA, CH2Cl2, 21 °C, 4 h. ii) DIPEA, 
CHCl3, 21 °C, 20 h. 
Due to the limited solubility of both reagents DMSO was trialled next. In previous studies 
polynorbornane hosts could be precipitated from DMSO upon addition of water. 
The reaction was performed and upon addition of H2O an off white precipitate formed which was 
isolated from the reaction mixture. Although 1H NMR analysis produced the expected signals 
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integration of the squaramide and norbornane peaks revealed the major product was the 
monosubstituted 263 (Scheme 3-5Scheme 1-5). Retreatment of the compound with excess 
squaramido ester 254a in DMSO with heating successfully produced the desired bisadduct, 
however only a low isolated yield (9%) of the pure compound was obtained.  
 
Scheme 3-5: Monosubstitution of [5]polynorbornane 203. i) TFA, CH2Cl2, 21 °C, 4 h. ii) DIPEA, DMSO, 20 °C, 20 h. 
Literature procedures commonly use alcoholic solvents for the formation of squaramides and as 
such CH3OH was employed as solvent with heating, Scheme 3-6.275 A slightly improved yield (17%) 
was achieved through conventional heating (100 °C, 16 h) of the reagents in CH3OH. In an attempt 
to improve both the reaction time and yield microwave conditions were trialled. Microwave 
irradiation of the reaction mixture at 100 °C with CH3OH as the solvent afforded 257 in a moderate 
yield (45%, 60 min).  
 
Scheme 3-6: Successful synthesis of 257. i) TFA, CH2Cl2, 21 °C, 4 h. ii) DIPEA, CH3OH, µw: 100 °C, 1 h. 
The loss of the signal from the Boc groups combined with large downfield shifts for the amine (δ 
= 6.60 → 7.58) and adjacent methylene (δ = 3.03 → 3.73) confirmed the successful deprotection 
and coupling of the squaramide, Figure 3-9. Two new signals are present in the aromatic region 
from the p-fluorophenyl ring while squaramide proton of 261a experiences a downfield shift of δ 
= 0.16. Small shifts are observed for several of the polynorbornanes particularly the two signals 
for the endo protons (δ = 1.97 and 1.67). These signals are well separated from the chemical 
transformation through bonds and as such changes in their magnetic environment were 
attributed to through space interactions with the functionalised binding arms.   
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Figure 3-9: 1H NMR of 257 in DMSO-d6 with selected peaks highlighted. 
The microwave conditions also proved suitable for the 3,5-bis(trifluoromethyl)phenyl squaramide 
(261b), for which the product (258) was isolated in 32% yield, Figure 3-10. This procedure allowed 
for the rapid deprotection and coupling of squaramide recognition groups to the fused 
polynorbornane framework.  
 
  Figure 3-10: Structure and yield of bissquarmide [5]polynorbornane host 257 and 258.  
 
3.2.2 Evaluation of [5]polynorbornane squaramide hosts  
The aromatic dicarboxylates terephthalate (224), isophthalate (241), naphthalate (230), Figure 3-1 
were titrated against new hosts 257 and 258 to assess the effect of the squaramide recognition 
group on binding. Unlike the aliphatic dicarboxylates, which were bound strongly regardless of 
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size, the fused [5]polynorbornane has been shown to bind the aromatic dicarboxylates somewhat 
selectively (241≈224>230). As such the rigid dicarboxylate guests are better suited to probe the 
effect of the squaramide on binding.  
The terephthalate (224) and isophthalate (241) guests were bound extremely strongly by both 
hosts (257 and 258). The large association constants are approaching, or above, the limits of 
accurate analysis for 1H NMR. As such no accurate conclusion regarding the selectivity for the 
individual guests can be drawn and only the relative strength of binding can be compared.  
Table 3-2: Association constants for squaramide hosts 257 & 258. Errors in the calculated association constant ≤ 40%. 
 Guest log kA 
Host  Isophthalate Terephthalate 
4-FPh-Squaramide (257) 4.88 >5.0 
3,5-bis(CF3)Ph-Squaramide (258) 4.81 4.83 
 
Extremely strong binding was observed for the squaramide host 257 with the isophthalate and 
terephthalate guests (Log kA = 4.88 and > 5.0 respectively), Figure 3-11. This binding was much 
stronger than the thiourea analogue 212 (Log KA = 4.18 and 3.83). Indeed, the calculated 
association constants were comparable to those of the strongest binding 4-nitrophenyl thiourea 
derivative 246 (Log kA > 5.0 for both guests). The enhanced binding confirmed that replacing the 
thiourea with a squaramide recognition group was a successful pathway for improving the binding 
power of [5]polynorbornane hosts.  
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Figure 3-11: Titration isotherms for host 257 with isophthalate (left) and terephthalate (right), performed at 2.5 mM 
host concentration in DMSO.  
 
Table 3-3: Association constants for selected squaramide and thiourea hosts. Large errors of 40% were calculated for 
host 257.  
 Guest Log kA 
 Isophthalate Terephthalate 
4-FPh-Squaramide (257) 4.88 >5.0 
4-FPh-Thiourea (212) 4.18 3.83 
4-NO2Ph-Thiourea (246) >5.0 >5.0 
 
Fitting of the titration isotherm for 257 with naphthalate in a 1:1 binding mode produced 
extremely large errors in the calculated association constant, Figure 3-12. Attempting to fit the 
data to 1:2 and 2:1 binding models produced visibly poor fits and in the case of the 1:2 impossibly 
large association constants.  
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Figure 3-12: Possible structure of host 257 with naphthalate (left) and corresponding titration isotherm, performed at 
2.5 mM host concentration in DMSO. 
The titration isotherm of host 257 with naphthalate had a sharp inflection point at 1.0 equivalent 
supporting an empirical ratio of 1 host to 1 guest (eg. 1:1, 2:2, etc.). The formation of higher 
stoichiometry complexes such as 2:2 (Figure 3-13), could explain why the [5]polynorbornane host 
257 had strong binding for naphthalate.  
 
Figure 3-13: Cartoon of possible 2:2 binding conformations for polynorbornane hosts with dicarboxylates.  
An accurate conclusion regarding the selectivity of the two squaramide guests was unable to be 
reached due to the extremely strong association constants for the two hosts with guests 
isophthalate, terephthalate and naphthalate. This preliminary study was however, able to confirm 
that replacing the thiourea with a squaramide recognition group significantly enhanced the 
binding of dicarboxylate guests. These findings can potentially be utilised to incorporate 
colorimetric or fluorescent sensors into the hosts without compromising strong binding (see 
section 3.4). 
 
3.3 Incorporation of additional functionality 
The previous chapter focused on introducing selectivity through the preorganisation of the 
fused[n]polynorbornane framework. Numerous examples exist in both the literature and nature 
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that induce selectivity by incorporating additional supramolecular interactions. This selectivity can 
be achieved through enhanced binding of the desired guest through positive interactions, or 
repulsion of undesired guests by incorporating negative interactions. As such the installation of 
both positive and negative interactions into the fused[n]polynorbornane framework was 
undertaken.  
The benefits of increasing the number of intramolecular bonds between the host and guest has 
already been discussed in chapter 1. The development of crown ethers and cryptands by Pederson 
and Lehn, demonstrated the benefits of increasing the number of oxygen atoms involved in the 
binding of cations.26,28 Gale et. al. demonstrated that acetate was bound by indole functionalised 
thiourea, capable of forming four complementary hydrogen bonds, an order of magnitude 
stronger than the benzene functionalised homologue with only two hydrogen bonds, Figure 
3-14.48 
 
Figure 3-14: Enhanced binding of acetate by increasing the number of hydrogen bonds.48 
The use of ‘negative’ supramolecular interactions to influence binding has also been observed in 
nature for the binding of Vancomycin (264) by susceptible bacteria and resistant strains, Figure 
3-15. Vancomycin is known to bind to terminal D-Ala-D-Ala (265) residues in the growing bacterial 
cell walls through five complementary hydrogen bonds. When the D-Ala-D-Ala peptide is replaced 
with D-Ala-D-Lac (266) (vancomycin resistant strains), one of these positive supramolecular 
interactions is replaced with a negative electrostatic repulsion. The change in residue results in a 
1000-fold decrease in binding affinity and therefore antibacterial potency.16,276,277 
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Figure 3-15: Vancomycin binding to D-Ala-D-Ala residue (left) and D-Ala-D-Lac residue (right), repulsive interactions 
highlighted in orange.  
Other examples where fundamental supramolecular principles are used to induce selectivity can 
also be found in medicinal chemistry. One such example is the peroxisome proliferator-activated 
receptor (PPAR) family of enzymes, Figure 3-16. PPAR α, γ and δ are transcriptional regulators of 
glucose, lipid and cholesterol metabolism making them an attractive target for 
pharmaceuticals.278,279 Indeed several antidiabetic drugs have been developed to bind and act as 
an agonist towards PPARγ. The ligand binding domain of PPAR α, γ and δ is non-linear and in order 
for drugs such as 267-269 to bind efficiently a ‘bent’ conformation must be adopted. Ligands that 
cannot adopt this conformation incur a large amount of steric repulsion, or are unable to form 
complementary supramolecular bonds, the penalty for which is reflected by a lack of biological 
activity.  
  
Figure 3-16: Crystal structure of drug candidate bound to PPARγ with key bonds highlighted (left) and structure of 
drugs capable of binding of binding with the flexible regions highlighted.278,279 
In order to introduce extra positive or negative interactions the fused [n]polynorbornane 
framework must be synthetically elaborated. To maximise the effects of the additional functional 
groups, they must be incorporated into the binding cleft of the host. The [6]polynorbornane 
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framework offers an ideal opportunity to attach these groups through the centrally located methyl 
esters. The esters are part of the bridged bisnorbornane central block and as such are positioned 
in the centre of the [6]polynorbornane framework. Further they are located in the endohedral 
position of the norbornane framework resulting in their orientation directly into the binding cleft.  
Two groups were selected to install either positive of negative supramolecular interactions into 
the binding cleft. An imide functional group was selected to increase the positive interactions, 
Figure 3-17. The two carbonyl groups of the imide are electron withdrawing creating a strong 
hydrogen bond donor in the form of the N-H. The extra hydrogen bond donor is oriented directly 
beneath the [6]polynorbornane framework to create and arc of hydrogen bond donors. As such it 
was envisioned that guests which localised their charge to a single face would have improved 
binding over the previously studied linear dicarboxylates. It was predicted that the dipicolinate 
(242) would form strong complexes with host 270 as the pyridyl nitrogen would form be able to 
form a complementary hydrogen bond with the imide proton.  
  
Positive 
Contribution 
Figure 3-17: Molecular model of 270 calculated with Spartan using Hartree-Fock 3-21G (left) and possible binding of 
dipicolinate 242 (right).  
In order to introduce negative supramolecular interactions in the cleft of the polynorbornane a 
large bulky group was required. A phenyl ring would block linear guests as the rigid preorganised 
structure can be easily oriented into the binding cleft, Figure 3-18. To ensure the steric influence 
extended below the thioureas the phenyl ring was substituted with a methyl ether to prevent 
guests binding underneath the steric block. The steric blocking unit selected for this project was a 
methyl phenyl ether (anisole) group.  
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Negative 
Contribution 
 
Figure 3-18: Molecular model calculated with Spartan using Hartree-Fock 3-21G (left) and chemical structure (right) of 
anisole blocked host 271. 
 
3.3.1 Synthesis of centrally functionalised [6]polynorbornane hosts 
Retrosynthetic analysis revealed that installing the required functional groups can be achieved 
with minimal modifications to the previously designed synthetic procedure, Scheme 3-7. Each 
functional group could be installed to the central unit prior to the ACE coupling, this approach 
allows different functional groups to be attached to the ‘ends’ of the polynorbornane rods if 
desired. Both the positive and negative groups could be installed through nucleophilic acyl 
substitution reaction followed by a condensation reaction from an anhydride and the selected 
amine. The anhydride can be accessed through cyclisation of vicinal carboxylic acids which were 
readily prepared through saponification of the esters from the bridged bisnorbornane 1.  
 
Scheme 3-7: Retrosynthesis of centrally functionalised framework 272. 
Accessing the desired bisnorbornene units followed a modified synthetic procedure from 
Johnston et. al.166 which was discussed in section 1.4.2.2. Starting with the bridged bisnorbornene 
1, the methyl esters were saponified to afford the desired dicarboxylic acid in very good yield 
(89%), Scheme 3-8. Due to the insolubility of 133 in CDCl3 the 1H NMR was performed in DMSO-
d6. The small changes in the chemical shift of the frameworks signals may be caused by 
interactions with the highly polar solvent. However, the loss of the signal at δ = 3.59 confirmed 
complete hydrolysis of the methyl esters. A broad singlet was also observed at δ = 11.86 
corresponding to the OH of the carboxylic acids.  
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Scheme 3-8: Synthesis of diacid 133. i) KOH, CH3OH, 60 °C, 4 h, 89%. 
Condensation of the vicinal diacid was performed using acetic anhydride (Ac2O) to enhance the 
rate of the reaction, Scheme 3-9. The highly electrophilic Ac2O undergoes nucleophilic acyl 
substitution with a carboxylic acid to form intermediate 274 and eliminate acetate. The anhydride 
intermediate is then ‘activated’ to nucleophilic attack by the second carboxylic acid to produce 
134 in quantitative yield. Anhydride 134 has enhanced solubility in organic solvents compared to 
118 and 1H NMR analysis was performed in CDCl3 and was matched to reported literature.166,280 
 
Scheme 3-9: Synthesis of anhydride 134. i) Ac2O, CH2Cl2, 40 °C, 4 h, 99%. 
Conversion of 134 to imide 275 was performed using NH4OAc and AcOH under microwave 
irradiation according to Pfeffer et. al., Scheme 3-10.281 The reaction involves nucleophilic attack at 
the carbonyl of 134 followed by a nucleophilic acyl substitution at the carboxylic acid amide (amic 
acid) intermediate 276. The 1H NMR of the crude product in CDCl3 revealed only trace impurities, 
however the crude material was only partially soluble. The insoluble material was isolated and 
identified as the amic acid intermediate 276 by 1H NMR (DMSO-d6).  
 
Scheme 3-10: Synthesis of imide 275 and amic acid 276. i) NH4OAc, AcOH, μw: 140 °C, 30 min, 38%. 
The decreased symmetry of the amic acid is readily observed in the 1H NMR, Figure 3-19, with two 
separate resonances (δ = 3.30 and 3.24) appearing for the bridge head proton as well as increased 
splitting of alkene signals (multiplet δ = 6.02–5.97). New signals at δ = 12.55, 7.20 and 6.90 were 
assigned to the acid and either proton of the primary amide respectively.  
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Figure 3-19: 1H NMR of amic intermediate 276 in DMSO-d6. 
The unexpected appearance of two signals for both the N–H protons indicates that they are 
magnetically non-equivalent and was investigated further. The two protons must be ‘held’ in 
specific orientations resulting in separate magnetic environments. The individual signals indicated 
that exchange between these conformations was occurring slowly relative to the NMR timescale.  
For 276 the restricted conformations were attributed to intramolecular hydrogen bonding 
between the acid and the amide, Figure 3-20. Energy minimised structures calculated using 
Hartree-Fock modelling revealed an 11 kJ mol-1 lower energy when the amide was directed 
underneath the norbornene framework as opposed to out. A further reduction of 9 kJ mol-1 in 
energy was calculated when the carbonyl of the acid was orientated towards the amide opposed 
to the hydroxyl.  
 
Figure 3-20: Energy minimised structures of 276 calculated with Spartan using Hartree-Fock 3-21G with various 
starting orientations from left to right O····O, O···N-H, N-H···O-H, N-H···O=C. Below is a representative drawing of each 
starting orientation of the amic acid. 
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The proposed structure was supported experimentally through variable temperature 1H NMR, 
Figure 3-21. As the temperature was increased the amide peaks began to coalesce until a single 
peak was observed at 80 °C. As the temperature increases the rate of bond rotation also increases 
and the molecular dynamics shift from slow to fast exchange in the NMR timescale averaging the 
two signals.  
 
Figure 3-21: Variable temperature 1H NMR of amic acid intermediate 276, in DMSO-d6.  
As the amic acid contributed to a significant amount of the recovered material (38%) optimisation 
of the reaction was attempted, Table 3-4. Longer reaction times and increased temperatures had 
little effect on the amount of intermediate or product isolated. Addition of anhydrous MgSO4 to 
‘trap’ the eliminated H2O did not improve the yield. Although no improvement of the yield was 
achieved, the isolated amic acid could be retreated with Ac2O to afford the desired imide in 59% 
yield. In the 1H NMR spectrum of 275 the bridge head protons are shifted upfield (δ = 3.61 → 3.47) 
upon conversion to the imide. A new signal assigned to the NH proton was also clearly observed 
at δ = 7.62 (Scheme 3-10). 
 
 
 
 
 88 | P a g e  
 
Table 3-4: Optimisation of imide formation 275. 
Entry  Temp. (°C) Time Desiccant Yield 
1 100 30 min - 47% 
2 100 1 h - 44% 
3 140 30 min - 54% 
4 140 30 min MgSO4 49% 
 
To synthesise 277, anhydride 134 was treated with p-anisidine. Significant amounts of the 
corresponding amic acid 278 were also produced although this was readily detected in 1H NMR 
due to its partial solubility in CDCl3. Separation of the imide from the amic acid was achieved easily 
through column chromatography due to the highly polar nature of 278.  
 
Scheme 3-11: Synthesis of central blocking unit 277 and amic intermediate 278. i) p-anisidine, PhCH3, μw: 150 °C, 30 
min, 21% 
Signals corresponding to the norbornene framework of 277 showed the expected symmetry with 
the long range splitting of the rigid bisnorbornene framework, Figure 3-22. However, the 
resonances assigned to the aromatic ring were not the predicted ‘roofed’ doublets from AB pairs. 
Instead two complex multiplets were present centred at δ = 7.02 and 6.75.  
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Figure 3-22: 1H NMR of 277 in CDCl3; Inset shows the enhanced splitting of the aromatic signals. 
Each multiplet contained 6 distinct peaks and was assigned to a partially resolved AA’BB’ splitting 
pattern. The commonly observed AB pair splitting of para-substituted phenyl ring is caused by 
magnetic equivalence of the A, A’ protons and the B, B’ protons. When A and A’ are in different 
magnetic environments the rigid aromatic ring can cause long range J coupling between the four 
resonances. The difference in magnetic environments often occurs when the aromatic 
substituents have similar electronic properties.282,283 Figure 3-23 shows the signals corresponding 
to the AA’ protons of p-bromoanisole (279) acquired using a 60 MHz spectrometer and the four J 
couplings that contribute to the splitting.284 
  
Figure 3-23: Half spectra (AA’) of p-bromoanisole (279) showing AA’BB’ splitting.283,284 
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The two new central units (275 & 277) were then subjected to the ACE coupling conditions with 
two equivalents of the monoepoxide 199. Both reactions proceeded smoothly and the resulting 
[6]polynorbornane frameworks isolated in good yields (76% and 71% respectively), Scheme 3-12. 
The similar yields for the ACE cycloadditions incorporating the various central units reinforces the 
scope of these reactions. This retention of good yields validates this synthetic pathway as a way 
to rapidly synthesise a range of preorganised hosts for different targets by selecting different units 
for the synthesis.  
 
Scheme 3-12: Structure and yields for protected [6]polynorbornane frameworks. i) DMF, 150 °C, 10 min. 
The Boc protecting groups were then cleaved from the frameworks and the free amines coupled 
with 4-fluorophenyl isothiocyanate, Scheme 3-13. The resulting bisthiourea hosts 270 and 271 
were isolated in very good yields of 74% and 73% respectively.  
 
Scheme 3-13: Deprotection and thiourea formation to afford hosts 270 and 271. i)TFA, CH2Cl2, 21 °C, 4 h. ii)4-FPh-NCS, 
DIPEA, CHCl3, 21 °C, 20 h, 77%. 
 
3.3.2 Binding studies of centrally functionalised [6]polynorbornane hosts 
3.3.2.1 Imide functionalised [6]polynorbornane host 
Initial binding studies for the imide functionalised [6]polynorbornane host were performed on the 
4-nitrophenyl thiourea derivative, synthesised according to Scheme 3-13 by replacing the 
isothiocyanate with 4-nitrophenyl isothiocyanate. Unfortunately host 284 proved highly 
susceptible to deprotonation, the imide proton is highly acidic due to the resonance stabilisation 
of the resulting conjugate base.  
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Scheme 3-14: Deprotonation of host 284. i) Dipicolinate 242 or aliphatic dicarboxylates 185, 221 or 223. 
The three aromatic guests terephthalate (224), naphthalate (230) and biphenylate (231) were all 
bound strongly by host 284 (log kA = 3.42, 3.50 and 3.38 respectively).  
Table 3-5: Association constants for host 284 with aromatic dicarboxylates. 
Guest H:G Log kA Error % 
Terephthalate (224) 1:1 3.42 9 
Naphthalate (230) 1:1 3.50 7 
Biphenylate (231) 1:1 3.38 13 
 
Importantly when these results are compared to the, nitro functionalised, central ester host 286 
(synthesised according to Scheme 2-7 by replacing the isothiocyanate with 4-nitrophenyl 
isothiocyanate) a significant decrease in ‘binding power’ was observed for the central imide host 
284, Figure 3-24. As the only structural and electronic difference between the two hosts is the 
replacement of the central esters with an imide group this indicates that the imide is playing a 
significant role.  
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Figure 3-24: Structure (top) and titration isotherm (bottom) for complex 284:231 (left) and 286:231 (right), performed 
at 2.5 mM host concentration in DMSO. 
In order to further investigate the role of the central imide on binding molecular modelling was 
performed using Hartree-Fock, 3-21G calculations, Figure 3-25. Modelling of host 284 with 
terephthalate indicated that the guest was orientated on an angle in the binding cleft to form an 
additional hydrogen bond with the imide. A downfield shift of the imide proton (≈ 0.2 ppm) was 
observed in the 1H NMR titration suggests that it is indeed influenced in the binding event.  
  
Figure 3-25: Structure (left) and molecular modelling for complex 284 with terephthalate 224, Log kA = 3.42. 
Slightly enhanced binding was observed for host 284 with the naphthalate compared to 
terephthalate, which was attributed the larger more complementary size of 230, Figure 3-26. 
Orientation of the guest in plane with the norbornane scaffold results in close proximities of the 
imide proton of 284 with the aromatic protons of the guest. As such energy minimised structures 
suggested a reorientation of the naphthalate to minimise steric clashes. The energy minimised 
model positioned the acidic imide proton above the face aromatic ring of naphthalate. A 
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corresponding upfield shift of -0.35 ppm was observed in the imide which tentatively supports the 
shielding caused by an aromatic face.  
  
Figure 3-26: Structure (left) and molecular modelling of complex 284 with terephthalate 230, Log kA = 3.50 
Molecular modelling of complex 284:231 indicated that the guest was oriented to minimise 
unfavourable interactions, Figure 3-27. The two phenyl rings are rotated out of plane with respect 
to each other to decrease the steric interactions between the host imide proton and guest. 
Accordingly, the imide proton underwent no significant change in chemical shift during the 
titration.  
  
Figure 3-27: Structure (left) and molecular modelling of complex 284 with terephthalate 231, Log kA = 3.38.  
Modelling studies were also performed on the naphthalate complex with host 286 to determine 
the cause of the increased binding compared to host 284. Figure 3-28 suggests that the central 
imide ring of 284 is highly preorganised towards the binding cleft where it has a large influence on 
binding. However, the ester groups for the model of 286 had a good deal more flexibility than the 
imide ring. The increased flexibility allows the host to minimise the steric effects by orienting the 
ester groups away from the centre of the binding cleft allowing extremely strong binding to occur 
between 286 and naphthalate.  
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Figure 3-28: Side view of naphthalate complex for imide host 284 (left) and ester host 286 (right). The end of the 
norbornane framework has been removed for clarity calculated with Spartan using Hartree-Fock 3-21G. 
The imide functionalised host 284 was designed to form new supramolecular interactions with the 
pyridyl nitrogen of the dipicolinate guest (241), unfortunately titrations performed between the 
two resulted in rapid deprotonation of the imide, Figure 3-29. The deprotonation event prevented 
accurate analysis of the titration isotherm as the chemical shifts caused by deprotonation cannot 
be identified from those caused by host:guest complexation. The deprotonation of the imide was 
also observed with the C4 (185), C6 (221) and C8 (223) aliphatic guests.  
 
Figure 3-29: Complex of 284:241 (top) and 1H NMR titration (bottom) showing deprotonation of imide at ≈11 ppm, 
performed at 2.5 mM host concentration in DMSO. 
In summary the centrally functionalised imide [6]polynorbornane host 284 had moderate affinity 
for the three aromatic dicarboxylates 224, 230 and 231. Molecular modelling suggested subtle 
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changes in the orientation of the guest in the binding cleft and these results were supported by 
the small changes in the chemical shift of the imide proton. The lower association constants for 
the host 284 with naphthalate (Log kA = 3.50) compared to the central ester groups of host 286 
with naphthalate (Log kA = 4.76) successfully confirmed that the imide plays a role in guest binding.  
 
3.3.3 Blocked [6]polynorbornane host 
3.3.3.1 Evaluation using rigid aromatic guests 
The initial evaluation of 271 was performed using the aromatic guests terephthalate (224), 
naphthalate (230) and biphenylate (231) to probe the dimensions of the binding cleft. Extremely 
weak binding was observed for all three guests regardless of the size. Indeed the association 
constants were comparable to those reported for the monocarboxylate acetate (Log kA = 2.5-2.8) 
with similar bisthiourea hosts.236,253 
Table 3-6: Binding of rigid dicarboxylates with 271. 
Guest H:G Log kA Error % 
Terephthalate (224) 1:1 2.84 1 
Naphthalate (230) 1:1 2.83 1 
Biphenylate (231) 1:1 2.71 1 
 
The weak binding of the aromatic dicarboxylates was attributed to the inherent preorganisation 
of the aromatic carboxylates and the steric effects of the central blocking group. In order for 
binding to occur between the two thiourea recognition groups the guest must be able to ‘arc’ 
around the anisole blocking group. The aromatic dicarboxylates are held in a strict linear 
conformation and are unable to bend to form the desired ‘arc’. As such the four supramolecular 
hydrogen bonds responsible for binding are forced to adopt a non-linear orientation resulting in 
weak binding, Figure 3-30.   
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Figure 3-30: Proposed binding of naphthalate by 271 and corresponding titration isotherm, performed at 2.5 mM host 
concentration in DMSO.  
 
3.3.3.2 Evaluation using flexible aliphatic guests 
The blocked host 271 was then evaluated for binding of the aliphatic dicarboxylate guests adipate 
(C6, 221), suberate (C8, 223), azelate (C9, 239) and dodecanedioate (C12, 240). 
Table 3-7: Binding of flexible dicarboxylates by host 271. 
Guest H:G Log kA Error % 
Adipate C6 (221) 1:1 3.22 4 
Suberate C8 (223) 1:1 3.55 11 
Azelate C9 (239) 1:1 4.54 12 
Dodecandioate C12 (240) 1:1 4.13 14 
 
Moderate binding was observed for the short C6 (221) guest (Log kA = 3.22), Figure 3-31. The 
increased binding of 221, compared to the aromatic guests, indicates that the guest is capable of 
‘arcing’ around the central blocking group. A small but significant increase in binding was observed 
for the C8 (223) guest (Log kA = 3.55) with host 271. The increased binding was attributed to the 
increased length of the guest, which allows the supramolecular hydrogen bonds to adopt more 
favoured angles (approaching 180°).  
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Figure 3-31: Proposed binding of 263 with adipate (C6) and the corresponding titration isotherm, performed at 2.5 mM 
host concentration in DMSO.  
When the C9 and C12 dicarboxylates were titrated against host 271 extremely strong binding was 
observed (Log kA = 4.54 and 4.13 respectively), Figure 3-32. The longer dicarboxylates are able to 
coordinate both thiourea units and form four strong hydrogen bonds. The resulting strong 
hydrogen bonds cause an increase in binding by an order of magnitude for C9 (239) compared to 
C8 (225).  
 
 
 
Figure 3-32: Proposed binding of 271 with azelate (C9, 239) and corresponding titration isotherm, performed at 2.5 
mM host concentration in DMSO. 
The selective binding of the aliphatic dicarboxylates by 271 was attributed to the steric effects 
introduced by the anisole blocking group. As the guests are required to ‘arc’ around the outside 
of the blocking group the shorter guests can only form weak hydrogen bonds with the thiourea 
arms. As the guest length increases the complex is able to adopt stronger hydrogen bonds 
resulting in more stable complexes. This effect can be clearly observed by the increase in the 
binding for host 271 with C9 (Log kA = 4.54) over the C8 guest (Log kA = 3.55).  
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3.3.3.3 Comparison of blocked 271 with 232 
When the ester functionalised host 232 was compared to the blocked [6]polynorbornane host 
271, the change in selectivity becomes readily apparent, Figure 3-33. Host 232 was capable of 
binding the aromatic dicarboxylates based on the complementary size between the host and guest 
(naphthalate Log kA = 3.68). However, as these guests are unable to adopt ‘bent’ conformations 
when they were titrated against the blocked host 271 only weak binding is observed (naphthalate 
Log kA = 2.83). 
 
Figure 3-33: Titration isotherm for naphthalate with host 232 (left) and blocked host 271 (right), performed at 2.5 mM 
host concentration in DMSO. 
The difference in selectivity of hosts 232 and 271 for aliphatic dicarboxylates is more subtle, Figure 
3-34. Ester functionalised host 232 is capable of strong binding with C6 guest adipate (Log kA = 
3.98) which increases almost an order of magnitude for the C8 guest (Log kA = 4.87). Only 
moderate binding was observed between the blocked host 271 and the C6 and C8 guests (Log kA 
= 3.22 and 3.55 respectively). However, extremely strong binding was observed when the guest 
length is increased to the C9 azelate (Log kA = 4.54).  
 
Figure 3-34: Titration isotherm for suberate (C8) with host 232 (left) and blocked host 271 (right), performed at 2.5 
mM host concentration in DMSO. 
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The increased guest length required to achieve strong binding is a result of the central blocking 
unit. The unblocked host 232 can accommodate the guest in the polynorbornane binding cleft 
creating a short linear pathway between the thioureas. The blocked host 271 forces the guest to 
‘arc’ around the outside of the binding cleft, requiring guests to span a longer distance.  
           
Figure 3-35: Proposed binding for suberate (C8) with host 232 (left) and blocked host 271 (right). 
 
3.4 Future work 
Work in this chapter demonstrated several methods for rapidly synthesising selective fused 
[n]polynorbornane hosts for anion recognition. It has been clearly shown that incorporation of 
central functionality to [6]polynorbornane frameworks has a significant impact on binding of 
guests and is of key importance in future work. The imide functionalised [6]polynorbornane 284 
proved susceptible to deprotonation, however this feature could be exploited in the design of 
future hosts. For example, the zwitterionic glutarylcarnitine 191 is a dicarboxylate with a 
tetraalkylammonium branch. If host 284 was used as an anionic, monodeprotonated form (285) 
the new host may be able to form favourable electrostatic interactions with 191. This could allow 
the synthesis of hosts that are selective for 191 or other zwitterionic guests (Scheme 3-15).   
 
Scheme 3-15:  Potential deprotonated host 285 and binding of zwitterionic guest 191. 
The mild conditions required to deprotonate the imide might also be utilised in the synthesis of 
more complex hosts. Deprotonation of precursor 275 forms the nucleophilic intermediate 287, 
the intermediate can then be used in SN2 reactions to install the desired recognition groups, 
Scheme 3-16. Similar reactions have been reported by Johnston et. al.40,41 to install crown ethers 
 100 | P a g e  
 
to the bridged bisnorbornane. 129,183128,182128,182 Application of this synthetic methodology would 
require optimisation of the SN2 reaction as well as the efficient synthesis of imide 275. 
 
Scheme 3-16: Mechanism for SN2 reaction of 275. 
 
3.4.1 Macrocyclic [n]polynorbornanes 
Macrocyclic hosts based on the [3] and [5]polynorbornane framework have been synthesised by 
Pfeffer et. al..132 Although the thiourea recognition groups were only functionalised with aliphatic 
groups, the resulting association constants were only slightly smaller than those of the 4-
fluorophenyl ‘staples’, Figure 3-36. As such fused[n]polynorbornanes macrocycles may have the 
potential to enhance anion recognition properties without increasing the acidity of the thioureas.   
 
Figure 3-36: Complex of terephthalate with [5]polynorbornane staple (left) and [5]polynorbornane macrocycle (right). 
Although Pfeffer et. al. used a second fused polynorbornane to complete the macrocycle other 
preorganised groups could be used to incorporate additional functionality into the host. Molecular 
switches such as azobenzene285 and diarylethene286 groups could be used to change the selectivity 
of the host.287-289 Both groups can be reversibly converted between two distinct preorganised 
structures using external stimuli. These structural changes are expected to have a large effect on 
the preorganised size and shape of the macrocycle. Such hosts would allow users to manipulate 
host selectivity without having to synthesise different hosts, Scheme 3-17.  
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Scheme 3-17: Example of a [5]polynorbornane macrocycle incorporating an azobenzene switch. 
The time and costs associated with performing 1H NMR analysis is prohibitive for many 
applications of anion sensors. Ideally the sensors can be designed to undergo a colorimetric 
change upon binding although UV and fluorescent detection are also readily available methods of 
detection. While the 4-nitrophenyl functionalised hosts did undergo significant colour change 
upon binding, the susceptibility of these compounds to deprotonation has proved problematic. 
Pyrene has been used to design sensors with both visible and fluorescent colour changes upon 
binding of guests. The size, rigidity and symmetry of the pyrene fluorophore make it an ideal 
candidate for synthesis of colorimetric [n]polynorbornane hosts.46,290,291 
 
Figure 3-37: [5]polynorbornane macrocycle incorporating a pyrene fluorescent group. 
 
3.4.2 Tuning solubility 
Many of the proposed targets for the [n]polynorbornane hosts exist in aqueous solutions that the 
current hosts are extremely incompatible with. While replacing the squaramide group has been 
tentatively explored as a way to tune the physical properties of hosts two other points have been 
identified for synthetic manipulation of the host. 
Transesterification of the methyl esters on the ‘side’ of the polynorbornane framework is the most 
obvious point for further functionalisation. In preliminary investigations the transesterification of 
diester 207, only the monosubstituted glycol ester was produced 293, Scheme 3-18. The DMAD 
precursor proved more amenable to the transesterification procedures and was successfully 
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isolated in moderate yields. The suitability of 294 to the synthetic pathway required for the 
construction of fused polynorbornanes (Mitsudo, Epoxidation and ACE cycloaddition) has yet to 
be explored.  
 
 
Scheme 3-18: Transesterification reaction of 192 (top) and of DMAD (bottom). i) Diglycol, H2SO4, 65 °C, 8 h.  
The hydrogens of the norbornane bridges could also be replaced with more hydrophilic groups 
prior to the initial Diels-Alder cycloaddition. Pyrrolidine can be used to convert aldehydes and 
ketones to the corresponding active iminium species. The iminium is susceptible to nucleophilic 
attack by the CPD anion (generated in situ) to afford a fulvene product (296), Scheme 3-19.292  
 
Scheme 3-19: Synthesis of fulvenes. 
Fulvenes can then be used as the diene in Diels-Alder cycloadditions. Attaching hydrophilic groups 
to bridge of the [n]polynorbornane framework could improve the solubility of the hosts to 
aqueous media. One obstacle with this pathway is the required formation of the endo Diels-Alder 
adduct which at ambient temperatures produced a 50:50 mix of endo:exo isomers, Scheme 3-20. 
Selectivity for the endo isomer can potentially be improved by using sub zero temperatures or 
Lewis acid catalysts.293-295  
 
Scheme 3-20: Diels-Alder cycloaddition of 927 and 298. i) EtOAc, 21 °C, 2 h.  
 
3.5 Summary 
This chapter has highlighted several methods for manipulating [n]polynorbornane hosts to control 
the binding of guests. Influencing the electronics of the host was explored using the 
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[5]polynorbornane host. Four hosts were synthesised with commercially available isothiocyanates 
and a direct effect on the magnitude of the association constant was clearly evident.  
Replacing the thiourea recognition group with the squaramide group was also shown to 
significantly enhance the binding of dicarboxylates. The improved binding offered by the 
squaramide hosts might be used to synthesise hosts that function in highly competitive media or.  
Incorporating additional cleft functionality through synthetic manipulation of the bridged 
bisnorbornane 1 was shown to strongly influence the binding of guests. The imide functionalised 
284 was prone to deprotonation, however moderate binding was observed for the three aromatic 
dicarboxylates 224, 230, 231. The non-selective binding was achieved through subtle 
reorientations of the guest in the binding cleft to maximise favourable supramolecular 
interactions.  
Installation of an anisole blocking group to the bridged bisnorbornane enabled the synthesis of 
the highly selective host 271. Weak binding was observed for the aromatic guests (224, 230, 231) 
as they were unable to adopt the necessary ‘bent’ conformation. Guests that were capable of 
adopting a ‘bent’ conformation like the aliphatic series were bound much more strongly. For 
unimpeded binding guests were required to have an aliphatic linker of at least 9 carbons in length.  
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4 Fused [6]polynorbornanes as ligands for metal organic cages 
This chapter will introduce the field of metal organic cages (MOCs). Several examples of functional 
MOCs will be discussed along with the rationale for their design. Previous work on the use of fused 
[n]polynorbornanes as ligands for metal organic cages will be highlighted followed by the design 
and synthesis of new [6]polynorbornanes as ligands for larger M6L12 cages.  
 
4.1 MOC introduction 
Self-assembly is the “spontaneous assembly of molecules into structured, stable, noncovalently 
joined aggregates”296 or the in situ construction of large molecules from smaller building blocks in 
a predetermined fashion.2 In order to control the final structure the size and shape of the blocks 
as well at the interactions used to connect them must be carefully selected. In other words, the 
blocks must be highly preorganised and contain complementary binding groups to ensure they 
are connected in the desired order. By ensuring the interactions between blocks are reversible (by 
using supramolecular interactions) the user can ensure that the resulting self-assembly structure 
is based on the lowest stable energy conformation.1,2,297,298   
Through self-assembly it is possible to rapidly construct large structures that would be too 
challenging to construct through traditional covalent synthetic methods. One type of self-
assembled structures are metal organic cages.2 These use metal vertices bound to preorganised 
organic ligands to create discrete 3D structures. The organic ligands become either the face or 
edge of the cages and the size and shape of the cage can be manipulated by controlling the 
geometries of the ligands and through choice of metal.  
The first molecular cage constructed by Saalfrank et. al.299 consisted of four magnesium vertices 
with six dianionic ligands of 300, Scheme 4-1. The metal vertices form two coordination bonds to 
three different ligands to construct a tetrahedral cage with a small internal cavity. Crystal 
structures of the cage revealed encapsulation of ammonium counterions and the symbol ⊂ was 
used to identify encapsulated species giving a molecular formula of M4L6⊂4(NH4).  
 
Scheme 4-1: Self-assembly of Saalfrank’s M4L6 tetrahedral cage.299,300 
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After Saalfrank’s example of a self-assembling cages the field rapidly grew with the key aims of (i) 
increasing cage size and (ii) functionalising the interior (endohedral functionality). By controlling 
the interior environment of the MOC’s any encapsulated molecules were subjected to the unique 
conditions inside the MOC. This environment in some instances was capable of influencing 
reaction outcomes and stabilising capricious molecules. The term molecular flask is used to 
describe self-assembly structures that are capable of performing specific tasks and includes not 
just MOC’s but organic assemblies as well.  
 
4.1.1 Molecular flasks 
The first self-assembling molecular flask was an organic complex synthesised by Rebek et. al., 
Scheme 4-2.301  A flexible ‘tweezer’ like rod 303 was found to dimerise in p-xylene through a 
network of hydrogen bonds to form a tennis ball shaped capsule 304. Dimer 304 was capable of 
encapsulating small guests based on complementary size and shape. 
 
Scheme 4-2: Dimerisation of Rebek’s tweezers to form a molecular capsule.301 
When p-quinone 305 and cyclohexadiene 306 react under ambient conditions even at molar 
concentrations the reaction is slow, with a reagent half-life of 2 days.301 When a 1 mM solution of 
capsule 304 was added to a mixture of 305 and 306 at 4 mM each the Diels-Alder adduct 307 was 
observed by NMR after 1 day. When the reaction was performed at the same concentrations 
without the capsule no product was observed after 1 week, Scheme 4-3. A 200 fold increase in the 
reaction rate was calculated when cage 304 was present.301 
 
Scheme 4-3: Diels-Alder cycloaddition catalysed by capsule 304. i) 304, p-xylene-d10, 21 °C.301 
The increased rate of reaction was attributed to the microenvironment inside the capsule. Due to 
the small size of the capsule when a single equivalent of 305 and 306 are bound the effective 
concentration is ≈5 M.301 Unfortunately, the high affinity of the product 307 for capsule 304 
stopping efficient turnover of the capsule preventing its use as a catalyst. Nevertheless, Rebek et. 
 106 | P a g e  
 
al. demonstrated that small self-assembled structures could be used as molecular flasks to 
immensely enhance the rate of reactions.  
The first MOC that was capable of acting as a molecular flask was reported by Fujita et. al.302 and 
used the tridentate ligand 308 to form the faces of a cage, Scheme 4-4. Square planar PdII metal 
was cis ‘blocked’ with an equivalent of ethylene diamine (EDA, 309) to form bidentate vertices 
with 90° angles (310). Mixing ligand 308 with the capped 310 in a 2:3 ratio in water resulted in the 
self-assembled M6L4 octahedral cage (311) with each face alternating between a ligand and an 
open portal. The hydrophilicity of the metal vertices allowed the cage to dissolve in water, creating 
a hydrophobic cavity capable of encapsulating guests.  
 
Scheme 4-4: Self-assembly of Fujita’s M6L4 cage. i) H2O, 21 °C.302 
The hydrophobic cavity of the MOC has been used to catalyse several reactions such as the Wacker 
oxidation of styrene303,304, olefin isomerisation of allylbenzenes305 and [2π +2π] 
photocycloadditions.306 Cage 311 was also used to influence the regiochemistry of addition for the 
Diels-Alder cycloaddition of functionalised anthracenes 312 and N-cyclohexylmaleimide 313, 
Scheme 4-5. When the reaction was performed without the MOC the cycloaddition occurs 
exclusively at the 9,10 position of the anthracene producing 315.  However in the presence of cage 
311, the cycloaddition occurs at the 1,4 position producing 314 in near quantitative yield (98%).307 
The change in the ratio of isomeric products was attributed to the controlled orientation of the 
two reagents inside the cage. 
 
Scheme 4-5: Diels-Alder reaction catalysed by cage 311. i) D2O, 85 °C.307 
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MOC 311 was also used to stabilise and trap reactive intermediates involved in the 
polycondensation of trialkoxysilanes, Scheme 4-6. When 316 was stirred in a solution of D2O and 
MOC 311, it was readily encapsulated by the cage (317). After an hour a single complex formed 
corresponding to the encapsulated 318 as assigned by 1H NMR, ESI MS and X-ray crystallography. 
The previously unisolated 318 was synthesised solely as the all cis isomer and the complex was 
shown to be stable even under acidic conditions.308 
 
Scheme 4-6: Trapping of reactive intermediates by cage 311. i) D2O, 21 °C, 5 min. ii) 60 min.308 
Nitschke et. al. has also used MOC’s to create molecular flasks in order to stabilise reactive species, 
Scheme 4-7. Linear ligands capped with bidentate binding groups were synthesised through a 
double imine condensation of bisamine 320 with two equivalence of aldehyde 319. When the 
reaction was performed in the presence of FeSO4 the imine product is stabilised by the FeII cations 
and the ligand 321 is capable of self-assembling into a M4L6 tetrahedral cage 322.  
 
Scheme 4-7: Synthesis of ligands and self-assembly of Nitschke's tetrahedral cage. i) FeSO4, NMe4OH, H2O, 21 °C.309 
The water soluble cage 322 has a small cavity suitable for hosting small hydrophobic guests. 
Indeed, 322 was able to encapsulate the notoriously sensitive white phosphorous 323 rendering 
the molecule inert, Scheme 4-8. Even when the solvent was removed the 322⊂323 complex was 
a shelf stable powder. The enhanced stability was attributed to the perfect size complementarity 
between the cage and the white phosphorous. Any reaction of 323 had to proceed through larger 
transition states which were inhibited by the size of the MOC cavity. This hypothesis was 
supported by the stability of the complex to withstand even single oxygen transfer agents such as 
nitrous oxide.309 
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Scheme 4-8: Encapsulation and stabilisation of white phosphorous by cage 322.309 
Displacement of the white phosphorous required the addition of a competing guest such as 
benzene or cyclohexane, Scheme 4-9. The addition of either solvent to an aqueous solution of the 
cage resulted in displacement then extraction of the active white phosphorous and encapsulation 
of the competing guest. A single resonance in the 31P NMR spectra confirmed the presence of the 
free white phosphorous which was completely degraded to phosphoric acid when allowed to 
stand overnight.309 
 
Scheme 4-9: Ejection of white phosphorous from cage 322.309 
The examples of Rebek’s molecular capsule and Fujita’s MOC demonstrated the ability for 
molecular flasks to influence the rate of reactions. In both cases the flasks were able to create 
unique microenvironments to accelerate the reaction rate and in the case of 311 control the 
reaction product. Additionally, both Fujita and Nitschke were able to form MOC’s which were 
capable of rendering highly reactive species inert. Several in depth reviews exist for a more in 
depth discussion of the development of molecular flasks and their potential applications.310,311  
The molecular flasks discussed in this overview, are of a limited size and are thus restricted in the 
compounds they can trap or catalyse. Thus one of the important goals in the field of self-assembly 
is to increase the size of the cage in a controlled manner.  
 
4.1.2 Controlling cage size 
The size of the cage, and thus the internal cavity, can be increased by incorporating rigid spacing 
units to extend the length of the ligand, however this approach increases the synthetic difficult of 
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ligand synthesis. An alternative approach involves constructing cages containing more subunits, 
which can be achieved through careful design and selection of the ligand and metal combination 
used. 
Fujita and co-workers have constructed a family of cages with the self-assembly formula of MnL2n, 
where M is a square planar metal and L a preorganised ditopic pyridyl based ligand, Table 4-1. 
Through judicious selection of the angle of the ligand Fujita et. al. was able to control the number 
of units incorporated into the MOC. This approach to predicting self-assembled products has 
proven successful in the construction of M6L12312, M12L24313 and M24L48 cages.314  
Table 4-1: Angles and ligands used for the formation of Fujita’s MnL2n MOC. 
Cage M6L12 M12L24 M24L48 
Ideal ϴ 90° 120° 135° 
Ligand  
 
 
 
Actual ϴ 90° 127° 149° 
 
It should be noted that the angle of ligand 326 lies in between the preferred angle for M12L24 and 
M24L48 cages but only results in formation of the smaller cage. This selectivity was attributed to 
the lower entropic penalty of assembling 36 components, compared to 72 components, 
overcoming the enthalpic penalties. In order to verify this hypothesis Fujita constructed mixed 
ligand cages containing different ratios of 326 and 327. Surprisingly, analysis of the self-assembled 
reaction products revealed no sign of single ligand cages. A distinct change from M12L24 to M24L48 
was observed at ratios (326:327) of 8:2 and 7:3 respectively.314 The mean angle of the ligand 
mixture was used to predict the angle at which the self-assembled product changed from M12L24  
to M24L48 to be between 131.4° and 133.6°.314  
Three new ligands were then synthesised containing bend angles between those of ligands 326 
and 327, Figure 4-1. Ligands 328-330 all formed their respective MOC with PdII, all of which were 
confirmed as the M M24L48 cages. The study supported that controlling the angle of the ligand has 
a direct effect on the self-assembled product and that this change occurs at specific angles.315 
 
Figure 4-1: Ligands synthesised to identify angle that controls self-assembly products.315 
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In an effort to construct larger cages Fujita has recently synthesised ligand 331, which self-
assembled into an M30L60 cage under ambient conditions, Scheme 4-10. However, modelling 
studies revealed that the internal angle of 152° was more suitable for larger M48L96 cages. The 
authors proposed that the M30L60 cage (332) was being trapped as a stable intermediate due to 
entropic penalty associated with assembling larger cages. Under elevated temperatures (70 °C) 
the M30L60 was successfully converted to the M48L96 cage (333) which exhibited less strain on the 
ligands. These results demonstrate the difficulty in accurately predicting and constructing cages 
of increasing size.316 
  
Scheme 4-10: Construction of M30L60 cage and conversion to M48L96. i) [Pd(BF4)2](CH3CN)4, DMSO-d6, 21°C, 3 
h. ii) 70 °C, 48 h. 
As discussed in section 4.1.1, the MOC can create their own interior microenvironment, which can 
be controlled through functionalisation of the ligand prior to self-assembly. This can be achieved 
by installing a functional group onto the interior angle of the ligand, resulting in each ligand 
directing a functional group into the cage, Scheme 4-11.  
 
Scheme 4-11: Self-assembly of functionalised M12L24 cages.317 
Fujita et. al. synthesised a range of ligands that self-assembled into spherical M24L48 cages lined 
with the selected functional groups, Figure 4-2: Structure of functionalised ligands synthesised by 
Fujita et. al.317-321. The MOC’s created their own unique microenvironments that were capable of 
catalysing reactions317, hosting large molecules318,319 and enhancing solubility of guests.320 Fujita 
also demonstrated that molecular photoswitches such as azobenzene 336 could be installed to 
manipulate the cage interior using an external input.321  
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Figure 4-2: Structure of functionalised ligands synthesised by Fujita et. al.317-321 
The discussed examples highlight the potential applications for self-assembled structures as well 
as requirements and challenges of producing larger structures. The necessity to produce rigid 
ligands with well-defined angles between coordinating groups and incorporation of functional 
groups at the desired location poses significant challenges in the construction of MOC. The highly 
preorganised nature of fused [n]polynorbornanes and various methods, outlined in section 1.3, 
for constructing rods with discrete angles makes them ideal for constructing MOCs.  
 
4.2 MOC with [n]polynorbornane ligands 
The first MOC (a M2L4 cage) containing fused polynorbornane ligands were constructed by 
Shionoya et. al., Scheme 4-12.322 The ligands contained a fused [3]polynorbornane core to form a 
curved rod which was functionalised with 3-pyridyl groups at either end. When the bidentate 
ligand 339 was stirred in acetonitrile with square planar PdII, a single discrete MOC was assembled.  
The M2L4 structure was confirmed using single crystal X-ray diffraction and revealed a spherical 
shaped cage with the ligands located at the edge, and the PdII nodes as the poles of the sphere.  
 
Scheme 4-12: Self-Assembly of M2L4 cages based on fused [3]polynorbornane ligands. i) [Pd(BF4)2](CH3CN)4, CD3CN, 70 
°C, 30 min.322 
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The crystal structure of 340 also revealed that two BF4- counterions were encapsulated by the cage 
through electrostatic interactions with the metal centres. The counterions were readily displaced 
by linear dianions such as 1,1’-ferrocene bis(sulfonate) due to the enhanced complementarity 
between the cage and dianionic guests. Encapsulation of the new guest was confirmed through 
1H NMR titrations which revealed a significant upfield shift of the guest signals, as well as splitting 
and recombination of the highlighted proton, Figure 4-3.322 
 
Figure 4-3: From top to bottom 1H NMR of guest, host:guset ratio of 1:1, 2:1 and cage 340.322 
The successful construction of M2L4 cages by Shionoya et. al. demonstrated the potential of fused 
[n]polynorbornane rods for use as ligands for MOCs. Unfortunately, the synthetic pathway used 
to isolate ligand 339 required 11 steps and, although individually high yielding, resulted in a low 
overall yield of 11%. The difficulty required to synthesise such ligands led to the design and 
synthesis of new ligands by Pfeffer et. al.  
 
4.2.1 [5]polynorbornane ligands for MOC 
Pfeffer et. al. noted that the [5]polynorbornane rods previously used to construct molecular 
staples could be readily adapted to form suitable ligands for MOC’s. Using previously synthesised 
blocks 202, 204 and commercially available amines (342 or 343) the [5]polynorbornane ligands 
344 and 345 were readily synthesised in a one pot multi component reaction, Scheme 4-13.323  
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Scheme 4-13: Multicomponent synthesis of [5]polynorbornane ligands 344 and 345. i) 170 °C, 10 min.323 
When ligand 344 was complexed with either PdII or PtII the formation of a single complex was 
observed using 1H NMR. Unfortunately, when these complexes were analysed using mass 
spectrometry the observed ion peak corresponded to ML2 complexes. Molecular modelling of 
possible ML2 structure suggested that a ‘butterfly’ complex (346) was formed, where the metal 
centre is bound by both pyridine groups of the ligands in a cis structure, Scheme 4-14. The 
formation of the undesired butterfly complex was attributed to the curved structure of the 
[5]polynorbornane rod, which directs the pyridyl groups in a convergent manner.  
 
Scheme 4-14: Self-assembly of M1L2 butterfly complex. i) [Pd(BF4)2](CH3CN)4, CD3CN, 70 °C, 30 min.323 
MS analysis of the self-assembled reaction mixture, of PdII:345, revealed the major product 
present to be an ML2 butterfly complex. However, the 1H NMR spectra of complexes constructed 
with ligand 345 were more complicated than those previously observed. The spectra of the 
reaction between PtII and ligand 345 revealed three well defined peaks for the pyridine ring. 
Molecular modelling was used to identify a number of low energy ML2 structures, Figure 4-4. The 
methylene linker between the imide and the pyridine group provides a degree of freedom for the 
ligand. As such the pyridine group can be oriented underneath the norbornane framework ‘inside’ 
or away from the norbornane framework ‘outside’. This allows the ligands to complex the metal 
in a cis fashion when both pyridines are oriented in, or a trans complex when the pyridines are 
oriented out.   
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Figure 4-4: In orientation (left) and out orientation (right) of 345 and molecular models of the resulting ML2 
complex.323 
The 1H NMR spectra of PdII:345 reaction indicated two distinct sets of signals for the pyridine rings 
while MS analysis revealed successful formation of the desired M2L4 cage 348, Figure 4-5. 
Molecular modelling of the cage with all ligands oriented inside revealed close steric clashes 
between the PdII centres and as such this conformation was rejected. A cage structure where all 
pyridine groups were oriented outside was more plausible, as the PdII centres were well separated, 
however this model was unable to explain increased splitting in the 1H NMR spectra. A third model 
with one end of the cage oriented inside and the other outside was found to be in good agreement 
with the experimental data. 
 
 
Figure 4-5: 1H NMR spectra of ligand (bottom) and M2L4 cage (top) and molecular modelling of the cage (right) .323 
The 1H NMR of the M2L4 cages shows two new signals corresponding to proton a, which are both 
shifted downfield suggesting a close proximity to the BF4- counterions. The signal for the d proton 
is split into an upfield and downfield signal suggesting only one signal is in close proximity to the 
BF4- counterions. The inside, outside conformation of the M2L4 cage creates a large central binding 
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pocket and a smaller cleft at the inside end, both of which can coordinate a BF4- counterion. At the 
outside end of the cage the b, c and d protons of the pyridyl groups are oriented away from the 
counterions resulting in smaller shifts.  
In summary, [5]polynorbornane ditopic ligands were able to be rapidly synthesised on larger 
scales through multicomponent reactions. Unfortunately, the curved nature of the 
polynorbornane backbone self-assembled into ML2 butterfly complexes instead of the desired 
M2L4 cages. In order to make the desired M2L4 the thermodynamic product a straight 
polynorbornane rod was required.  
 
4.2.2 [6]polynorbornane ligands 
As discussed in section 1.4, fused polynorbornane rods can be straightened by using a bridged 
bisnorbornane unit. Pfeffer et. al. incorporated 1 into the centre of the rod to create 
[6]polynorbornane ligands. The central bridged bisnorbornane was coupled with the same 
capping groups functionalised with either pyridyl or picolyl groups to afford ligands 351 and 352, 
Scheme 4-15.  
 
Scheme 4-15: Ester functionalised [6]polynorbornane ligands for MOC. i) DMAD, [RuH2(CO)(PPh3)3], DMF, 100 °C, 48 h, 
65%. ii) t-BuOOH, t-BuOK, THF, 0-20 °C, 24 h, 54%. iii) DMF, µw: 150 °C, 10 min.280 
When the complexes were assembled in solution using either 351 or 352 and PdII no evidence was 
found for the formation of the butterfly complexes. Instead the experimental data revealed clean 
formation of the desired M2L4 cages and was supported using molecular modelling studies. These 
cages confirmed that incorporation of a bridged bisnorbornane unit into the polynorbornane rod 
could successfully lead to M2L4 cages.  
In order to install additional functionality into the microenvironment of the MOC the central 
bridged bisnorbornane unit was functionalised prior to ACE coupling.280,281 Pfeffer and co-workers 
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were successfully able to install three different functional groups into the bridged unit. The pyridyl 
353 and picolyl 354 unit were incorporated into the central block to create an additional metal 
coordination site at the centre of the cage, Figure 4-6.280 The third central group selected was 
imide 275, which installed a good hydrogen bond donating group to line the interior of the cage.281 
All three central units were capped with either pyridyl or picolyl functional groups and evaluated 
for their ability to form cages.  
 
Figure 4-6: Bridged bisnorbornane units synthesised to introduce central functionality in [6]polynorbornane 
ligands.280,281 
4.2.2.1 Central Pyridyl cage 
Bridged bisnorbornane 353 containing a pyridyl functional group, was successfully incorporated 
into the [6]polynorbornane framework with both the 359 and 360 capping groups, Scheme 4-16. 
Ligands containing the central pyridyl unit are able to bind a third palladium in the centre of the 
cage, as such these ligands were predicted to self-assemble into M3L4 cages. 
 
 
Scheme 4-16: Synthesis of central pyridyl ligands 361 & 362. i) DMAD, [RuH2(CO)(PPh3)3], DMF, µw:100 °C, 10 min, 
82%. ii) PhCH3, 150 °C, 48 h, 78%. iii) 170 °C, 5 min, 99%. iv) t-BuOOH, t-BuOK, THF, 0-20 °C, 16 h. v) DMF, µw: 150 °C, 
10 min.280 
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Unfortunately, no evidence for discrete self-assembled structures was observed for ligand 361, 
which was attributed to the length of the pyridyl groups. As the end pyridyl groups extend from 
the norbornane framework the same distance as the central pyridyl groups formation of M3L4 
cages cause significant steric interactions at the centre of the cage. These steric interactions 
prevent the formation of discrete structures, resulting in a complex mixture.  
Mixing ligand 362 with PdII in a 4:3 ratio was successful in assembling a single discrete structure, 
which was confirmed as the desired M3L4 using 1H NMR and MS, Scheme 4-17. Molecular 
modelling of the cage revealed that the three PdII nodes aligned along the centre of the cage 
creating two independent cavities. This arrangement is similar to the stacking of PdII metal centres 
seen in interlocked cages constructed by Clever et. al.324-326 
 
Scheme 4-17: Self-assembly of ligand 362 with PdII into an M3L4 cage 363. i) [Pd(BF4)2](CH3CN)4, CD3CN, 70 °C, 30 
min.280 
4.2.2.2 Picolyl cage 
The central picolyl unit was also capable of coordinating a metal centre and as such ligands 
synthesised using this block were predicted to assemble into the M3L4 cages. Mixing of PdII with 
ligand 364 in a 3:4 ratio was unable to produce a single discrete product. Failure to form a self-
assembly product was again attributed to unfavourable steric interactions between the central 
picolyl units of the ligand.  
 
Scheme 4-18: Synthesis of ligand 364. i) DMF, µw: 150 °C, 10 min, 80%.280 
Ligand 365 which was capped with the larger picolyl units was successfully assembled into the 
predicted M3L4 cages, Scheme 4-19. The successful cage formation was attributed to the flexible 
methylene linker of the picolyl groups, which allows small conformational adjustments of the 
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ligands. These adjustments allow the complex to minimise negative steric interactions while 
maintaining the correct orientations for the coordination bonds.  
 
Scheme 4-19: Synthesis of ligand 365 (top) and self-assembly into M3L4 cage 366 (bottom). i) DMF, µw: 150 °C, 10 min, 
97%. ii) [Pd(BF4)2](CH3CN)4, CD3CN, 70 °C, 30 min.280 
Molecular modelling revealed that the central picolyl unit forces one of the end groups into the 
outside position while the other is free to rotate between the inside and outside orientation. The 
1H NMR spectra for cage 366 revealed broad peaks for the resonances corresponding to the picolyl 
unit suggesting a decrease of molecular motion even in the assembled cage.  
4.2.2.3 Central Imide cage 
The ligands 367 and 368 were successfully synthesised using ACE coupling procedure between 
central unit 275 and the desired end unit 359 or 360. As the ligands contained no central metal 
coordinating groups the two ligands were evaluated for their ability to self-assemble into M2L4 
cages. 
 
Scheme 4-20: Synthesis of imide functionalised ligands 367 and 368. i) DMF, µw: 150 °C, 10 min.281,327 
Both ligands successfully assembled with PdII into the desired cage structure and created a large 
molecular cavity, Scheme 4-21. The cationic PdII centres were located at the poles of the cage, 
with four hydrogen bond donor groups around the equator of the cage. The overall cavity contains 
six electrophilic groups arranged in an octahedral cavity.  
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Scheme 4-21: Self-assembly of M2L4 cage 369. i) [Pd(BF4)2](CH3CN)4, CD3CN, 70 °C, 30 min. 
The M2L4 cage 369 was shown to bind a range of anionic guests, Table 4-2. In general, a positive 
correlation was observed between the anionic charge of the guest and the strength of the host 
guest binding. Strong binding was also observed between guests that possessed complementary 
size and shape for the cavity of the cage. 
Table 4-2: Summary of binding of anionic guests by cage 369.281 
Guest Geometry Charge Strength 
[Ag(CN)2]- Linear -1 Weak 
[Pt(CN)4]- Square planar -2 Strong 
[Cr(CO)6] Octahedral 0 Weak 
[PF6]- Octahedral -1 Weak 
[SiF6]2- Octahedral -2 Weak 
[Pt(CN)6]2- Octahedral -2 Strong 
[Fe(CN)6]2- Octahedral -4 Precipitation 
 
The authors were successful in growing crystals suitable for X-ray analysis for the M2L4 cage 369 
with an octahedral [Pt(CN)6]2- guest, Figure 4-7. The crystal structure clearly shows the precise 
arrangement of the convergent imide hydrogen bond donors with a square planar geometry 
around four of the CN- groups. The other two CN- groups are aligned with the PdII centres to 
completely complement the octahedral geometry.  
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Figure 4-7: Crystal structure of cage 369⊂Pt(CN)6 guest, side view (left) and top view (right).281 
In summary Pfeffer et. al. were able to construct a family of MOC base on fused [n]polynorbornane 
ligands. The successful ligands required a bridged bisnorbornane unit to enforce a straight rod and 
prevent ML2 butterfly complexes. Incorporation of a central metal coordinating group allowed the 
construction of several M3L4 containing two molecular cavities. Successful construction of the M3L4 
cage was dependant on the central coordinating group being smaller than the end groups.  
Two imide functionalised ligands 367 and 368 were assembled into M2L4 cages with a large central 
cavity. The cavity was lined with four hydrogen bond donating groups from the ligands and two 
cationic groups from the metal nodes. These electrophilic groups were located in an octahedral 
arrangement and the cage was shown to successfully host a series of anions.  
 
4.3 New generation of [6]polynorbornane ligands for MOC 
The work by Fujita demonstrated the number of units incorporated into M2L2n molecular cages 
can be controlled through subtle manipulation of the interior angle of the ditopic ligands. 
Molecular modelling Similarly revealed that subtle changes to the [6]polynorbornane ligands 
synthesised by Pfeffer et. al. should favour formation of a larger M6L12 cage.  
 
4.3.1 M6L12 cage design and molecular modelling 
The previous pyridyl and picolyl units had been selected to replicate the angle of the previously 
synthesised ‘banana’ shaped ligands 339. The ‘staple’ shape of the fused [6]polynorbornane 
backbone oriented these groups in a parallel manner suitable for the formation of the M2L4 cages. 
However, if the pyridyl and picolyl groups were preorganised to form a ‘bent’ ligand, rather than 
a staple, larger self-assembled structures could be favoured.  
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Molecular modelling performed by Dr. Benjamin Hay (Supramolecular design institute), identified 
two fused [6]polynorbornane ligands (370 & 371) that were capable of preorganising the pyridyl 
groups in a divergent fashion, Figure 4-8. Further studies also suggested that both of these ligands 
should promote the formation of large M6L12 cages with minimal distortion to the ideal 
conformation of the free ligands. The primary molecular modelling studies were performed on 
ligand 370, containing a central imide group and capped with 3-pyridyl end groups to construct 
cage 372. 
 
Figure 4-8: Fused [6]polynorbornane ligands identified by molecular modelling. 
Both ligands were predicted to self-assemble into M6L12 octahedral cages with the PdII centres as 
the vertices, Figure 4-9. The six metal atoms can be used to define a 3D axis with four metals along 
the central plane and the remaining two creating the poles of the octahedron. The ligands are 
positioned along the edges of the octahedron on an angle to accommodate a slight twist of the 
pyridyl ring. The twist of the pyridyl ring out of plane was attributed to repulsive steric 
interactions, between the imide carbonyls and pyridine protons, overcoming the favourable 
conjugated orientation as modelled by Johnston.328 As with the smaller M2L4 cages the central 
functionalisation of the [6]polynorbornane ligands are oriented endohedrally in the cage interior. 
The resulting spherical cavity is lined with 6 cationic groups from the PdII metals and twelve 
hydrogen bond donors from the central imide group.  
 
 
 
Figure 4-9: Molecular model of M6L12 372 cage along the y axis (left), cartoon highlighting electrophilic groups ▲ = 
hydrogen bond donor, ● = metal centre (middle) and 3D axis (right). 
The PdII metals on opposite sides of the cage are separated by a distance of 21.7 Å. The eight faces 
of the octahedron are open creating large pores for guest uptake and release, Figure 4-10. 
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Rotation of the cage 45° around x,y plane allows visualisation of the misalignment of the 
norbornane rods around equator with the front and back ligands intersecting. Rotation of the 
model a further 45° along the z axis shows the open faces of the octahedron.  
                
Figure 4-10: Molecular model of cage 372 rotated 90° around the x,y plane (left) and rotated a further 45° in the z 
plane (right). 
The desired ligands for the larger cages were regioisomers of the previously synthesised pyridyl 
and picolyl ligands (367 and 368). As such the same synthetic pathway could also be used with the 
only modification being a simple swap for the new pyridyl and picolyl amines, Scheme 4-16. The 
previously synthesised para (367) substituted pyridyl groups were replaced with the meta (370) 
regioisomer. Similarly, the meta (368) substituted picolyl units were replaced with the para (371) 
regioisomer.  
 
Figure 4-11: General structure of old parallel oriented ligands (left) and new divergent ligands (right).  
The m-aminopyridine and p-(aminomethyl)pyridine (picolyl) units selected to cap the 
[6]polynorbornane framework create dynamic ligands. Free rotation around the pyridine–N bond 
of 370 allows the coordinating nitrogen to be oriented inside or outside in relation to the 
polynorbornane backbone, Figure 4-12. Similarly, the methylene linker of 371 allows the picolyl 
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group to be oriented inside or outside. If the coordinating groups are oriented inside the nitrogen 
donors are convergent and potential exists to form ML2 butterfly complexes.  
 
Figure 4-12: Outside conformation of ligands 370 and 371 (top) and inside conformation (bottom). 
The unfunctionalised ester block (1) was also selected to determine if it was possible for 
[6]polynorbornane ligands to form the undesired butterfly complexes. In order to prevent 
formation of ML2 complexes the central blocking group, used in section 3.3.1, (277) was selected 
to prevent interactions with the PdII that would lead to the undesired complex. The imide block 
(275) was also selected to in order to endohedrally functionalise the cage with hydrogen bond 
donors.  
 
Figure 4-13: Functionalised central blocks selected for incorporation into new ligands. 
The selection of two new capping groups and three different central bridged bisnorbornene units 
resulted in a total of six new fused [6]polynorbornane ligands to be synthesised.  
 
Figure 4-14: Structure of new [6]polynorbornane ligands for M6L12 MOC’s. 
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4.3.2 Synthesis of ligands 
It was hoped that the new ligands could be accessed through the convergent synthetic procedure 
outlined by Pfeffer et. al., Scheme 4-22.281 Using this pathway the only modification required was 
substitution of the pyridyl and picolyl amines with the new regioisomers (Scheme 4-22). Once the 
requisite epoxides were accessed they could be coupled to the central blocks 1, 275 and 277 
(synthesised as described in section 2.3.1 and 3.3.1) using standard ACE protocol procedures.  
 
Scheme 4-22: Synthetic plan for accessing epoxides 381 and 382. 
4.3.2.1 Mitsudo cycloaddition 
The cyclobutene ring was installed to the norbornene anhydride (204) to maintain a common 
synthetic intermediate for as long as possible, Scheme 4-23. Following the typical protocol, the 
desired Mitsudo adduct was synthesised in good yield (78%). The product was characterised using 
1H NMR which confirmed loss of the alkene C-H signal δ = 6.32 and the appearance of a new signal 
at δ = 2.91 assigned to the endo oriented proton. A new signal corresponding to the methyl esters 
was also present at δ = 3.78. 
 
Scheme 4-23: Mitsudo cycloaddition to afford cyclobutene 356. i) RuH2(CO)(PPH3)3, DMF, µw:100 °C, 10 min, 78%. 
4.3.2.2 Imide formation 
Due to the highly electrophilic anhydride the imide must be installed prior to epoxidation of the 
cyclobutene. Addition of picolyl amine (378) to a stirring solution of 356 rapidly (<1 min) forms a 
precipitate at which point the reaction was heated using microwave irradiation, Scheme 4-24. 
Only moderate yields of the desired imide were able to be isolated and the poor yield was 
attributed to the insolubility of the amic acid intermediate 383. A range of solvents were trialled 
to determine the solubility of intermediate 383 with little success, however partial solubility was 
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achieved using a mixture of CHCl3 and NEt3. Repeating the reaction with 1.0 equiv. of NEt3 resulted 
in an improved yield of 84%.  
 
Scheme 4-24: Imide formation to afford picolyl 369. i) CHCl3, 21 °C, <1 min. ii) NEt3, µw: 120 °C, 1 h.  
The successful synthesis of 380 was confirmed using 1H NMR with small upfield shifts (δ 0.1 - 0.4) 
for the signals assigned to the main ring of the polycyclic. Three new signals were also present 
from the picolyl unit and easily assigned to the methylene linker at δ 4.59, and the AB pair assigned 
to 4’ at δ = 8.56 and 3’ at δ = 7.28, Scheme 4-24.  
Performing the reaction to form the imide using 3-aminopyridine (377) was notably slower than 
the reaction using amine 378. The amine 377 is bulkier than 378 and as such formation of the amic 
acid precipitant takes 5-10 min. Complete formation of the amic intermediate prior to microwave 
irradiation is important as at the elevated temperatures the carboxylate of the methyl ester is also 
susceptible to nucleophilic acyl substitution by unreacted amine, Scheme 4-25. 
 The new product was isolated using column chromatography and the structure confirmed using 
1H NMR spectroscopy. Similar shifts are observed as with the previous imide formation for 380 
although the bridgehead proton undergoes a much smaller upfield shift (δ = 0.05). Four new 
signals were observed in the aromatic region for the pyridyl unit with unexpectedly complex 
splitting patterns, Figure 4-15. 
 
Scheme 4-25: Imide formation to afford pyridyl 368. i) CHCl3, 21 °C, <1 min. ii) NEt3, µw:120 °C, 1 h. 
The resonances furthest downfield were assigned to the protons adjacent to the nitrogen which 
exhibits strong deshielding. The doublet of doublets (δ = 8.58) was assigned to H4’ due to J 
coupling with H5’ (J3 = 4.8 Hz) and H6’ (J4 = 1.5 Hz). The doublet at δ = 8.52 was assigned to H2’ 
and showed J4 = 2.4 Hz coupling with H6’. The doublet of doublets of doublets, centered at δ = 
7.58, was assigned to H6’ as a single coupling constant was in the correct range for J3 (8.2 Hz) and 
the other two long range J4 coupling (2.4 and 1.6 Hz). The final signal was resolved into a doublet 
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of doublets at δ = 7.37 and assigned to H5’. Strong J3 coupling (8.2 and 4.8 Hz) confirmed coupling 
to both H4’ and H6’. Peak assignment was confirmed using 2D NMR spectroscopy experiments 
including COSY, HSQC and HMBC.  
 
Figure 4-15: Aromatic region of the 1H NMR spectra of 379 in CDCl3. 
4.3.2.3 Epoxidation 
The reaction of 380 using the previously established Weitz-Scheffer epoxidation conditions 
produced a significant amount of a tert-butyl transesterification product 385 (1:1, 382:385). In 
order to decrease formation of 385, only a slight excess of the t-BuOOH was used. Performing the 
reaction under the controlled conditions improved the ratio of the desired epoxide 382 to 5:1 
(382:385). The two products were separated using careful column chromatography to afford 382 
in good yield of 64%.  
Table 4-3: Ratio of epoxide products using different equiv. of t-BuOOH. 
Entry t-BuOOH equiv. Ratio (382:385) 
1 1.7 1:1 
2 1.2 5:1 
 
Although the tert-butyl transesterification had been observed as a side reaction for other 
epoxidations it was only present as a minor impurity (≤ 10%). The transesterification of methyl to 
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tert-butyl ester is uncommon particularly under the dilute conditions used ([t-BuO-] ≈ 0.2 μM). 
Transesterification to higher order esters (3°>2°>1°) has been reported by Meth-Cohn et. al. 
however, the unusual reactivity required the presence of lithium cations.161,329,330  
Examination of the mechanism provides one possible explanation for the transesterification, 
Figure 4-16. The nucleophilic attack of the tert-butylperoxy anion on 380 forms intermediate 386, 
before the epoxide ring forms and tert-butoxide is eliminated. Modelling of the intermediate 386 
reveals that the oxygen of the tert-butoxide is well positioned to attack the carbonyl and could 
explain the high level of transesterification.  
 
Figure 4-16: Molecular modelling of intermediate 386 (top) and possible transesterification mechanism (bottom). 
Successful epoxidation was confirmed by the upfield shift of the bridgehead proton (δ = 2.60 → 
2.23), Scheme 4-26. The endo oriented proton and bridge proton closest to the epoxide ring are 
shifted downfield by 0.47 and 0.38 ppm respectively. The transesterification product 386 was 
readily apparent due to the strong singlet at δ = 1.22.  
 
Scheme 4-26: Epoxidation to afford the cyclobutane epoxide 371. i) t-BuOOH, t-BuOK, THF, 0-21 °C, 16 h.  
Next the pyridyl substituted 379 was subjected to careful epoxidation. The 1H NMR spectra of the 
crude material was complex caused by significant amounts of three products, Scheme 4-27. The 
products were identified and assigned to the starting material 379, epoxide 381 and the 
transesterified epoxide 387. Retreatment of the crude product had little to no effect on the ratio 
of the desired product and the starting material (≈1:1). Unfortunately, the starting material and 
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epoxide could not be separated by column chromatography and an alternative epoxidation 
procedure was trialled.  
 
Scheme 4-27: Epoxidation to afford the cyclobutane epoxide 381. i) t-BuOOH, t-BuOK, THF, 0-21 °C, 16 h. 
The non-catalytic Weitz-Scheffer epoxidation procedure described by Meth-Cohn et. al. originally 
used an alkyl lithium and t-BuOOH at low temperatures to achieve the epoxidation. Both Warrener 
and Johnston have reported successful epoxidation of norbornane fused cyclobutenes using this 
procedure. Unfortunately, when 379 was treated with MeLi and t-BuOOH no trace of the desired 
product was observed in the 1H NMR of the crude reaction mixture. As such the pyridine capped 
ligands were abandoned and focus turned to ACE reaction using the picolyl epoxide.  
4.3.2.4 ACE cycloaddition 
Coupling of epoxide 382 to the three selected central bisalkenes under previously discussed ACE 
conditions proceeded smoothly to afford the desired picolyl ligands 371, 374 and 376 (yield = 60-
82%). Addition of water to the reaction mixture afforded an off white powder which was 
recrystallised using slow evaporation from CHCl3 to give the pure ligands as white crystalline 
powders.  
 
Scheme 4-28: ACE coupling of 1 and 382. i) DMF, 150 °C, 10 min, 60%. 
The successful reaction was confirmed by loss of the alkene protons of 1 (δ = 6.07) and the 
appearance of a new aliphatic signal at δ = 2.60, Scheme 4-28. The bridge protons from 1 and syn 
bridge protons from 371 experience downfield shifts due to the nearby oxygen bridged 
norbornane. Small downfield shifts were also observed for the ester peaks from both starting 
materials, while the anti bridge proton is shifted further upfield.  
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Figure 4-17: 1H NMR of ligand 371 in DMSO-d6. 
The ligand containing the central anisole group (376) had a similar 1H spectrum to that of ester 
functionalised 371 (the loss of the alkene signals small changes in chemical shift of the protons on 
the polynorbornane framework), Figure 4-18. The carbonyl groups of the central bridged 
bisnorbornane are held in strict orientation in relation to the edge of the polynorbornane 
framework. The precisely held carbonyl groups result in larger upfield shifts for the endo oriented 
protons (H2,7,19,27) located at δ = 2.38 for ligand 376 and δ = 2.60 for 371, which has freely 
rotating ester groups.  
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Figure 4-18: Synthesis of ligand 376 and 1H NMR spectra in DMSO-d6. i) DMF, 150 °C, 10 min, 82%. 
Due to the limited solubility of ligand 374 in CDCl3, NMR analysis was performed in DMSO-d6 and 
as such direct comparison to spectra of the other ligands was difficult. Nevertheless, the loss of 
the alkene signal from 275 indicates complete consumption of the starting material, Figure 4-19. 
The large upfield shift of the endo oriented proton of (δ 3.31 → 1.97) indicated successful 
transformation of the epoxide into the oxa-bridged norbornene.  
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Figure 4-19: Synthesis of ligand 374 and 1H NMR spectra in DMSO-d6. i) DMF, 150 °C, 10 min, 67%. 
The three new ligands (371, 374 & 376) are currently awaiting evaluation for their ability to form 
coordination complexes with both palladium and platinum metals through a collaboration with 
Prof. Dr. Guido Clever at the Technische Universität Dortmund. Evaluation of these compounds 
was unable to be performed at Deakin University due to limited access to the required 
instrumentation. The collaboration with Technische Universität Dortmund was also deemed 
highly important due to their expertise in the analysis of complex metal organic cages. The 
preliminary results from these studies appear to suggest that the ligands need to be centrally 
functionalised with a steric block, such as ligand 376, in order to form the desired M6L12 cages. 
However, definitive analysis of the self-assembly structure has proved difficult and requires 
further analysis. 
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4.3.3 Conclusion 
Three new ligands based on bridged [6]polynorbornanes were successfully synthesised containing 
picolyl metal coordinating groups, Figure 4-20. Molecular modelling studies suggest that these 
ligands are good candidates for the formation of large M6L12 cages when combined with square 
planar metals such as PdII. The ability to construct molecular cages of specific sizes and shapes is 
of key importance in the design of MOC tailored to specific targets.  
 
Figure 4-20: New ligands for the formation for large MOCs.  
Further the [6]polynorbornane ligands were synthesised with various functional groups that 
molecular modelling shows will be oriented towards the cage interior. The functionalisation of 
cage interiors is a key challenge in the construction of molecular flasks. This challenge can be 
addressed using the ACE coupling method of synthesising fused [6]polynorbornanes.  
The three groups selected for this project included an aromatic anisole group, lipophilic methyl 
esters and a hydrogen bond donating imide. Further studies into the synthesis of fused 
[6]polynorbornane ligands could focus on introducing a wider variety of functional groups to 
demonstrate their compatibility for the discussed synthetic and self-assembly procedures. Further 
knowledge in this area would allow the rapid design and construction of molecular flasks for 
specific tasks.  
 
4.4 Future work 
Formation of ligands using synthetic stepping stone 133 is of particular interest in the 
functionalisation of MOCs, Scheme 4-29. According to the hard/soft acid/base theory34,35 hard 
acids (eg. Mg2+, Cr3+) will bind to hard bases (eg. CO2-, RO-) and soft acids (eg. Pd2+, Pt2+) to soft 
bases (eg. CN-, I-).331,332 Carboxylate groups are hard bases while pyridyl nitrogens are soft bases 
the proposed ligand 388 has the potential to self-assemble using soft acids such as PdII and direct 
hard acids towards the interior of the cage.  
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Scheme 4-29: Proposed synthesis of ligand 388. 
Heterometallic cages have been successfully assembled by Liu et. al.333 who used carboxylates to 
bind Zr3Cp3 clusters to construct a tetrahedral M4L4 cage, Figure 4-21. Soft bipyridyl groups located 
in the centre of the ligand selectively coordinated CuII along each edge of the cage. The authors 
confirmed that one-pot, three component self-assembly structures were the same as those that 
formed by stepwise cage formation and Cu coordination.333 The tetrahedral cages constructed by 
Liu et. al. oriented the CuII towards the cage exterior to minimise repulsive electrostatic 
interactions.  
Unlike ligand 389, the proposed [n]polynorbornane ligands (388) have the advantage of 
preorganising the functional groups towards the centre of the cage. Selection of the appropriate 
metals to line the cage interior could lead to molecular flasks that act as catalysts for chemical 
reactions such as Sn, Cr and AlCl3. 
 
Figure 4-21: Construction of tetrahedral heterometal cages by Liu et. al..333 
Other examples of heterometallic self-assembled structures include one dimensional coordination 
polymers (390) assembled by Beeves et. al.334 Heterometal cages have also been constructed 
including the spherical Pd/Ru 391 by Beeves335  and cubic Fe/Pd 392 by Nitschke, Figure 4-22.336 
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Figure 4-22: Structure of Ru/Cd polymer (top left), ligand for heterometal Ru/Pd cage (top right)335 and cubic Fe/Pt 
cage (bottom)336.  
 
The ability to strictly control the length, and orientation of polynorbornane ligands also has great 
potential application to the design of even larger MOCs. Fujita et. al. has identified significant 
challenges in construction of these larger self-assembly structures. The recently reported ligands 
393 have introduced a controlled level of flexibility into the ligands in order to construct larger 
M30L60, Scheme 4-30. The controlled flexibility allowed the ligands to adopt different angles 
maintaining the strictly held conformation of the PdII centres.  
 
Scheme 4-30: Self-assembly of M30L60 cage 394 by Fujita et. al..337 
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Another approach could be to construct two rigid ligands that promote construction of a mixed 
ligand, or heteroleptic, cage over either ligand sorted cage. Heteroleptic cages introduce another 
challenge in the prediction of self-assembled structures as they are required to assemble in the 
correct order. However, this challenge can potentially be overcome through the use of different 
coordination groups to promote assembly of specific structures, Scheme 4-31. This can also be 
achieved with the fused [n]polynorbornanes was demonstrated by Warrener’s construction of 
heterometal ligands for the study of electron transfer effects (section 1.4.2.1).  
 
Scheme 4-31: Example synthesis of multicoordinate ligand 397 using known cyclobutane epoxide 396. 
The reversibility of the coordination reaction to form MOC makes it ideal for self-assembly 
structures, as the resulting product is the thermodynamic minimum. Unfortunately, the 
coordination bonds are highly susceptible to acidic and basic conditions restricting potential 
applications. Another possibility is the use of covalent cages.  
Doonan et. al.338 has successfully dimerised trisalkyne 398 to access the triply linked covalent cage 
399, Scheme 4-32. Such cages are capable of creating large, well defined porous structures that 
are stable under a wide range of conditions. Similar structures could possibly be made using 
known trianhydride 400339 and the previously synthesised polynorbornane bisamine 238.  
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Scheme 4-32: Covalent cage constructed by Doonan et. al.338 (top) and possible norbornane based mimic (bottom). i) 
CuCl, Cu(OAc)2, pyridine, Ar, 65 °C, 2 h, 20%.338   
Unfortunately, the imide formation detailed in Scheme 4-32 is an irreversible reaction and as such 
the organic components can be trapped as oligomeric products. This problem can be overcome 
using dynamic covalent chemistry such as the condensation reaction between free amines and 
aldehydes as utilised by Cooper et. al.340,341 in the construction of covalent cages, Scheme 4-33. 
The reversible reaction encourages formation of a single thermodynamic product which can be 
manipulated through specific conditions. Cooper utilised the imine formation to construct 
tetrahedral cages using simple ethylene diamine and triformyl benzene. Crystallisation of the 
cages produced highly porous networks which could be controlled by appending different 
functional groups to the ethylene diamine.340,341 The resulting imine cages are still susceptible to 
nucleophilic attack however they can be stabilised further by reduction to the corresponding 
amines which are stable under a wide range of conditions.342 
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Scheme 4-33: Covalent cage 402 constructed by Cooper et. al.. i) EtOAc, 21 °C, 60 h.340 
Plausible imine cages can be constructed from the triformal benzene 401 utilised by Cooper and 
previously synthesised amine functionalised polynorbornanes such as 238. However, the 
proposed cages have a significant amount of flexibility due to the ethylene linker. Instead use of 
a more rigid linker such as hydrazine functionalised polynorbornane 403 could produce extremely 
rigid covalent cages with potential for endohedral functionalisation, Scheme 4-34.  
 
Scheme 4-34: Proposed synthesis of imine linked covalent cage. 
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5 Solid state NMR analysis for [5]polynorbornane complexes  
Examination of molecules in the solid state can provide different and complementary information 
on their behaviour compared to X-ray crystallography. This information can provide unique 
insights into the structure of molecules and how they interact with one another, which in turn can 
be used to understand their physical properties such as shrinkage343 and electrical capacity.344 As 
such new techniques that can be used to study a wide variety of molecules are incredibly valuable. 
In this chapter the development of solid state NMR experiments that can be used to study 
supramolecular complexes will be outlined.  
 
5.1 Solid state analysis  
In the solid state there exists long range order and molecular motion occurs on a much slower 
timescale than that observed in the solution state. As such any solid state analysis is ideal for 
observing how solid materials assemble or ‘pack’ together and identifying intermolecular 
interactions like those occurring between supramolecular complexes. While X-ray diffraction 
methods can offer precise detail of the molecular structure the resulting information represents 
a snap shot of what may be a disordered or dynamic system and as such molecular motion in the 
solid state cannot be easily studied using X-ray diffraction. Solid state NMR can be used to study 
disordered structures and is sensitive to dynamics on a wide range of timescales. Unlike other 
solid state experiments solid state NMR can be performed on a wide range of samples from 
powders and precipitates to complex biological materials including whole cells.345  
Table 5-1: Structural information collected from various analytical methods 
 X-ray diffraction Solid state NMR Solution state NMR 
Short range ordering Yes Yes Yes 
Long range ordering Yes Yes No 
Molecular motion No Yes Yes 
 
 
5.1.1 Spectral enhancement techniques in solid state NMR 
Solid state NMR is far less commonly used than the more familiar user friendly solution state NMR. 
The isotropic tumbling in solution state NMR causes an averaging of the directional effects on the 
NMR spectra, leading to well resolved peaks based solely on their structural magnetic 
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environment.346-349 However, useful information on the long range ordering and molecular motion 
is lost due to this isotropic tumbling. The anisotropic orientation of molecules in solid state means 
that NMR produces broad signals and low sensitivity. The broader signals are more likely to 
overlap increasing the difficulty of identifying individual atoms.350 
The development of instruments and experiments to improve the resolution and sensitivity of 
solid state NMR is ongoing and ultimately solid state NMR will become a common analytical 
technique. The design of high magnetic field (11.8-23.8 T) instruments and probes capable of 
spinning samples up to >60 kHz has drastically improved the spectral resolution.351 The invention 
of magic angle spinning (MAS) experiments by Lowe352 and Andrew353,354 has greatly improved the 
quality of SSNMR spectra, Figure 5-1. By rotating the sample at an angle of 54.74° relative to the 
direction of the magnetic field (B0) the chemical shift anisotropies (CSA) and dipolar couplings are 
averaged to zero.  This averaging results in narrower line widths and therefore enhanced 
resolution.  
 
 
Figure 5-1: Diagram of magic angle spinning (left) and solid state spectrum of a static sample (bottom right) and 30 
kHz MAS sample (top right) of L-alanine (404).351,355 
 
5.1.1.1 Decoupling 
While MAS averages certain anisotropic interactions, it is less efficient at removing others such as 
homonuclear dipolar couplings and quadrupolar coupling.348  The former interactions can be 
better averaged by applying powerful radio frequency pulses, for example decoupling, Figure 
5-2.348 Traditionally done with continuous wave pulses, modern techniques use a variety of multi-
pulse programs such as frequency switched Lee-Goldburg (FSLG)356, combined rotation and 
multiple-pulse spectroscopy (CRAMPS)357,358 and two-pulse phase modulated (TPPM)359. The 
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selection, setup and function of decoupling pulse programs is often discussed in solid state NMR 
literature reviews.360-363  
 
Figure 5-2: Solid state spectrum of a 30 kHz MAZ  sample (bottom) and a decoupled spectra using FLSG pulse program 
at 12.5 kHz (top) of L-alanine (404).355 
 
5.1.1.2 Cross polarisation 
Another way to enhance resolution is to observe nuclei with a greater range of chemical shifts 
such as 13C. However, due to the low natural abundance of 13C (1.1%) and the lower gyromagnetic 
ratio of 13C (6.73 x 10 -7 Hz T-1) the NMR signal produced is much weaker.350 The weaker signal can 
be partially overcome by exciting the more abundant 1H nuclei and transferring the polarisation 
to the 13C nuclei for observation.364 The polarisation can be transferred through the heteronuclear 
dipolar coupling interaction. The energy can only be transferred between nuclei with equal energy 
splitting; known as Hartmann-Hahn matching.365 
Hartmann-Hahn matching can be achieved using weak magnetic fields through a technique called 
spin-locking, .  The spin must first be reoriented away from the magnetic field by using a π/2 pulse 
to make it precess around either the x or y axis. The magnetisation must then be held there, either 
through a continuous wave magnetic field or a train of pulses.  Once cross polarisation is complete 
the signal can be observed from the desired nuclei.350 Cross polarisation can also be used to 
observe interactions between nuclei to provide additional information such as spatial proximities.  
 
Figure 5-3: Simplified vector diagram for spin locking and cross polarisation. 
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5.1.1.3 Recoupling 
Although decoupling techniques provide enhanced resolution, this is achieved by removing 
interactions that can potentially provide useful information. Multi-pulse programs have now been 
developed to regain some of this lost information by selectively reintroducing these interactions 
under MAS and are known as recoupling techniques, Figure 5-4. Following the initial excitation 
and evolution of the spin states, a reconversion period is applied before the signal is detected. 
During the reconversion period a series of pulses are applied to recouple the desired interactions. 
Selection of the correct pulse sequence depends on which couplings are to be reintroduced. The 
recoupling method must be carefully selected when used with MAS as the pulse program must be 
synchronised with the physical orientation of the rotor.349,366 
 
Figure 5-4: General scheme for NMR correlation experiments. 
The discussed techniques in solid state NMR can be used individually or in combination to produce 
high resolution spectra. These methods have been used to determine the overall structure of 
complex molecules as well as local and long range ordering in solid materials. Solid state NMR has 
been shown to aid considerably in structural determination (also known as NMR 
crystallography)367-369, active site determination370,371 and in situ analysis of Li-ion batteries372,373 
among others. As such the development and application of solid state NMR techniques for analysis 
has a vital role in both academia and industry.  
 
5.2 Solid state analysis of [5] polynorbornane host  
The previously studied host:guest 246:224, Figure 5-5, was selected for study by solid state NMR 
as it provided an opportunity to gather structural information about host and guest in relation to 
each other and compare the results to solution state studies. Extensive solution state 
characterisation of both the host and guest have been previously reported by Pfeffer et. al..237-239 
These studies provided detailed information on the short range order; or intramolecular 
interactions and strong intermolecular interactions. Both the host and complex had proven 
difficult to crystallise as a large single crystal, with all attempts resulting in the precipitation of a 
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fine powder. As such no diffraction information was available on the long range ordering of the 
system. 
         
Figure 5-5: Structures of host 246, guest 224, and complex 246:224. 
Solid samples of the complex were prepared by stirring equimolar amounts of host 246 and guest 
224 in a 50:50 THF:CH3OH for 24 h followed by removal of the solvent under vacuum. All samples 
were dried for at least 48 h under high vacuum (≤0.7 mbar), ground into a fine powder and placed 
in the appropriate rotor or sample holder (Section 6).  
 
5.2.1 X-ray powder diffraction (XRD) studies 
X-ray diffraction involves irradiating a mounted sample with X-rays, which are scattered by the 
arrangement of atoms in the sample. XRD is capable of revealing ordering information along a 
single plane of a network or lattice. When scans are taken over a range of angles the diffraction 
data can potentially be used to determine the 3D nature of the powder.  
In an attempt to evaluate the level of crystallinity of the complex, XRD was performed on the free 
host, the free guest and the host:guest complex, Figure 5-6. The diffractogram of the host 246 
only showed peaks from the sample holder, indicating a low degree of crystallinity. A clearly 
defined spectrum was recorded for the isolated guest 224 showing clearly defined long range 
ordering. Unfortunately, the diffractogram of the complex 246:224 produced only broad peaks 
again indicating a low degree of crystallinity in the powder.  
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Figure 5-6: X-ray powder diffraction patterns from top to bottom guest 224, complex 246:224, host 246 and sample 
holder.374 
Although the diffractogram of the complex revealed a higher degree of crystallinity than the free 
host no useful data could be extracted. The XRD experiments confirm that the complex is 
unsuitable for X-ray diffraction analysis, nevertheless, a high degree of crystallinity is not required 
for solid state NMR experiments.  
 
5.2.2 Confirming complexation in the solid state – 1H-1H spin diffusion 
The initial experiments were selected to establish that the complexation of the host and guest 
was retained in the solid state and that the compounds had not dissociated upon drying. To 
confirm the supramolecular complex a two dimensional spin diffusion experiment was used to 
observe through space 1H-1H interactions. The experiment involves the excitation of the 
magnetisation of the 1H nuclei then allowing for that magnetisation to be transferred (spin 
diffusion time) through dipolar couplings to other nearby 1H nuclei before acquisition. The 
resulting 2D spectra produces self or auto correlation peaks along the diagonal, while peaks 
outside the diagonal result from successful transfer of magnetisation between different chemical 
sites.  
Controlling the spin diffusion time has a direct correlation with the distance the spin can be 
transferred. Spectra recorded for the free host with a spin diffusion time of 30 μs produced only 
the auto correlation peaks along the diagonal, as the spin diffusion time was too short for efficient 
transfer of magnetisation, Figure 5-7 (left). Increasing the spin diffusion time to 100 ms allowed 
complete transfer of magnetisation across the host and cross correlation peaks to be seen 
between every chemical site, Figure 5-7 (right).  
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Figure 5-7: 2D 1H-1H spin diffusion spectra of host 246 using spin diffusion times of 30 μs (left) and 100 ms (right). i) 
polynorbornane region, ii) binding arm region.374 
The spin diffusion experiments were then performed on the complex 246:224 to confirm that the 
host and guest were bound. In order to selectively observe interactions originating on the guest a 
1H-T2 filter was applied for 9 ms. As the larger host relaxes more quickly than the smaller guest 
the filter removes signals from the host. As such the resulting spectra will only show interactions 
originating from the terephthalate and TMA counterions, providing a clearly resolved spectra, 
Figure 5-8.  
As expected strong correlations were observed between the terephthalate and the TMA due to 
the ionic interactions between the anion and counterion. Correlation peaks were also present 
between the TMA and every signal from the host indicating that they are in close proximity and 
experience efficient spin transfer.  It was therefore unusual that no correlation peaks were 
observed between the terephthalate and the host given that transfer was observed for the TMA 
to both molecules. These results can be explained if the terephthalate is not fixed in position but 
instead has some form of dynamic motion.  
 
Figure 5-8: 2D 1H-1H spin diffusion (1 s) spectra of 246:224 with 1H-T2 filter (9 ms). i) TMA region, ii) Terephthalate 
region.374 
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Although no direct interactions were observed between the terephthalate and the host, the spin 
diffusion experiments showed that the guest remained bound by the host. With complexation in 
the solid state confirmed further experiments could be performed to improve the understanding 
of the host guest interactions.   
 
5.2.3 Local ordering between complexes – 1H-1H SQ-DQ 
The single quantum double quantum (SQ-DQ) NMR experiments can provide useful information 
on the intermolecular ordering of a system and through space structural characterisation. Like the 
spin diffusion experiment the SQ-DQ uses dipolar coupling to transfer magnetisation to nearby 
nuclei. DQ interactions are ‘forbidden’ according to Zeeman selection rules and therefore cannot 
be observed directly.375,376 As such the DQ magnetisation is transferred back to nearby SQ spins 
for observation.377,378  
The frequency of the DQ coherence signal is the sum of the single quantum frequencies for the 
coupled nuclei. So coupling between a signal A at x ppm and signal B at y ppm will have a DQ signal 
at x + y ppm. Unlike the spin diffusion experiments self-correlation peaks only occur for signals 
that are nearby through space, providing more accurate structural information. As the 
interactions occur through space any interactions observed between distal nuclei can be 
attributed to intermolecular packing.344,355,379 
The SQ-DQ experiments have been used by Spiess et. al. to understand the origin of useful 
functional properties of benzoxazine polymers, Figure 5-9.380,381 To achieve this a small series of 
benzoxazines were studied using solid state NMR. An X-ray crystal structure for 405 revealed the 
formation of dimers in the solid state. This data had been used in conjunction with IR spectra and 
molecular modelling to propose structures for benzoxazines 406-408.382 
 
Figure 5-9: Structure of benzoxazine derivatives.383 
Spiess was able to quickly and accurately study the solid state structure of the benzoxazines using 
SQ-DQ NMR. The 2D spectra provided enhanced resolution which was used to identifying changes 
in the local ordering of the dimers, Figure 5-10. The SQ-DQ was in good agreement with the 
proposed crystal structure of 405 except for the CC auto correlation peak and a weak AC 
correlation. The CC correlation was assigned to packing between the dimers of 405, while the AC 
cross peak was attributed to a minor conformation which wasn’t present in the single crystal.383  
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Figure 5-10: Dimer structure of methyl benzoxazine 405 (left) and 1H-1H SQ-DQ spectra for 405 (right).383 
For the benzoxazines with longer aliphatic groups (406-408) the CC auto correlation was not 
present and the AC correlation was enhanced, Figure 5-11. These changes in the SQ-DQ spectra 
led the authors to propose an alternate packing structure for these benzoxazines. The proposed 
‘ribbon’ structure (Figure 5-11) reorientates the protons assigned to peak A and C into close 
proximity resulting in the intense AC correlation. The ribbon structure also separates the C proton 
resulting in the loss of the CC autocorrelation peak.  
 
 
Figure 5-11: Ribbon packing structure ethyl benzoxazine 406 (left) and 1H-1H SQ-DQ spectra (right).383 
Spiess et. al. effectively showed that SQ-DQ experiment was an efficient tool for identifying local 
ordering of solids. The data gathered from this experiment was combined with complementary 
techniques to elucidate structural changes brought about by simple modifications to monomeric 
material. These results for the monomers corresponded to the physical properties of polymer 
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resins containing the benzoxazines. Polymers containing 405 were found to shrink 3.2% upon 
curing while those synthesised using 406-408 shrunk ≤0.8%.343 
In this project the SQ-DQ experiments were performed on the free host 246 under fast MAS (60 
kHz) conditions. As expected strong interactions were observed for the aliphatic region of the 
spectra, Figure 5-12. These aliphatic protons are from the [5]polynorbornane framework, which 
is a rigid preorganised structure, and efficiently transfers magnetisation through dipolar coupling. 
Of particular interest are correlations between structurally isolated protons which indicate 
intermolecular interactions or long range order. Several of these interactions were observed 
between the arms of the host and far side of the polynorbornane framework (D-J/k, B/C-H, B/C-
G, D-E/F). Self-correlation peaks were observed for the thiourea (A) and aromatic (D) protons 
which were also assigned to intermolecular interactions confirming ordering of the host in the 
solid state.  
     
Figure 5-12: Peak assignment for the free host 246 (left) and SQ-DQ 1H-1H spectra (right). Intramolecular interactions 
are highlighted in red and intermolecular interactions are highlighted in blue.374 
The SQ-DQ experiment was repeated on the complexed sample 246:224. Examination of the 
spectra for the 1H dimension revealed a much broader signals for the [5]polynorbornane 
framework, Figure 5-13. The broadening of the signals was attributed to reduced dynamics of the 
host upon complexation of the guest, leading to increased dipolar couplings. The increased dipolar 
couplings can be clearly observed by the increase in intensity for the intermolecular interactions 
(D-J/k, B/C-H, B/C-G, D-E/F).  
The signal from the thiourea N-H (A) is of particular interest as it is spectrally distinct and has been 
shown by solution state NMR to play a direct role in the binding of 224. The self-correlation signal 
(A) for the host guest complex 246:224 has a lower intensity than that of the free host 246.  The 
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decrease in intensity suggests that the thiourea is indeed involved in hydrogen bonding with the 
anion disrupting the intermolecular bonding between the hosts. The appearance of a new 
intermolecular interaction for the thiourea resonance (A-E/F) supports the reorientation of the 
thiourea upon guest complexation.  
 
Figure 5-13: Peak assignment for the host:guest complex 246:224 (left) and SQ-DQ 1H-1H spectra (right). 
Intramolecular interactions are highlighted in red and intermolecular interactions are highlighted in blue.374 
The SQ-DQ MAS experiments were able to successfully identify local ordering in the both the free 
host and the host:guest complex. Changes between the spectra for the host and host guest 
confirmed the thiourea protons are involved in the binding of the terephthalate. Unfortunately, 
no clearly resolved correlations were observed between the TMA or terephthalate signals. 
However, the sharp signals corresponding to the guest in the 1D 1H spectra suggest that these 
resonances are highly mobile, preventing dipolar coupling and therefore cannot be assigned to 
ion separation. 
 
5.2.4 Dynamics of the host – 1H-13C HETCOR 
Both the spin diffusion and SQ-DQ experiments produced data suggesting that the complex was 
undergoing significant molecular motion. As such, experiments to detect this motion were sought. 
2D 1H-13C heteronuclear correlation spectroscopy (HETCOR) was used as it relies on dipolar 
couplings between the nuclei which are sensitive to molecular motion. When the sample is spun 
under ultrafast MAS, weak dipolar couplings, due to distance or mobility, are averaged out. As 
such only proximal and stationary atoms, which have strong dipolar couplings, will produce 
observable HETCOR signals.  
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Alam et. al. used 1H-13C HETCOR experiments to study the movement of cholesterol through the 
lipid bilayer of sphingomyelin, Figure 5-14.384 Solid state spectra were recorded at 310 K where 
the lipid bilayer is in the gel phase and in a rigid conformation. At this temperature the cholesterol 
is unable to pass through the lipid bilayer and therefore has limited molecular motion. The 
stationary nature of the lipid bilayer and the cholesterol leads to a large number of interactions 
as the molecules undergo efficient dipolar couplings.384 
 
Figure 5-14: 1H-13C HETCOR spectra of sphingomyelin bilayer and cholesterol in the gel phase (310 K), cholesterol peaks 
are labelled with superscript C.384 
When the temperature was raised above the phase transition temperature (≈40 °C) the lipid 
bilayer exists as a liquid crystal phase. Although the bilayer is still ordered sufficient molecular 
motion exists to enable shuttling of cholesterol across the membrane. HETCOR experiments 
performed at 334 K revealed a decrease in intensity and number of observable correlations, Figure 
5-15. The loss of correlations was attributed to enhanced molecular motion of the cholesterol as 
it was shuttled across the lipid bilayer.384 
 
 150 | P a g e  
 
 
Figure 5-15:1H-13C HETCOR spectra of sphingomyelin bilayer and cholesterol in the liquid crystal phase (334 K), 
cholesterol peaks are labelled with superscript C.384 
The HETCOR experiment has also been applied to Klärner’s supramolecular tweezers to provide 
insight to the effects of solvents on the structure of the host:guest complex, Scheme 5-1.110,111,113 
Although the complex had been characterised through X-ray crystallography solvent molecules 
had been incorporated into the crystal lattice. Solid state experiments including 1H-1H SQ-DQ and 
1H-13C HETCOR were performed on a crystalline powder of complex 409:410 from which all solvent 
molecules had been removed.385-387 
 
Scheme 5-1: Complexation of host 409 and guest 410. i) CDCl3.110,111,113 
The 1H-13C HETCOR experiment were able to resolve and assign individual proton sites which were 
specific to the solid state structure. Specific host:guest intermolecular interactions were observed 
as well as interactions between complexes. The information on local ordering identified a 
columnar arrangement with adjacent columns oriented in opposite directions for complex 
409:410, Figure 5-16. Changes in the local ordering were also observed with solid state NMR when 
larger guests were bound by host 409.385-387 
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Figure 5-16: Packing structure of complex 409:410 determined by single crystal X-ray diffraction, key intercomplex 
interactions observed by HETCOR experiments are highlighted.387 
In this project the free host 246 was examined using 1H-13C HETCOR experiments at high speed (60 
kHz) MAS in a 700 MHz NMR, Figure 5-17. From the resulting spectra it can be seen that the 
majority of interactions on the molecule are between atoms from the [5]polynorbornane 
framework. These atoms are locked into a rigid conformation precluding dissipation of the signal 
through averaging. A single weak correlation was observed for the aromatic region of the spectra. 
Although the phenyl group is itself held in a rigid conformation it is attached to the norbornane 
framework through ethylene linkers. The flexibility of the ethylene allows the arms to adopt 
multiple conformations, even in the solid state, resulting in poor dipolar couplings.  
 
 
Figure 5-17: 2D 1H-13C HETCOR spectra for 246 (left) and regional assignment.374 
The HETCOR experiments were repeated on the host:guest complex 246:224, Figure 5-18. A 
drastic increase in both the number and intensity of the correlations was observed, particularly in 
the aromatic region. The increase in signals can be attributed to an overall reduction in molecular 
motion compared to the free host. The reduction in dynamics was attributed to the complex being 
‘locked’ into a single conformation upon binding of the guest. Due to the rigidity of the guest the 
flexible ‘arms’ can no longer move independently without disrupting the intermolecular hydrogen 
bonds, ‘pinning’ the arms in place.  
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Figure 5-18: 2D 1H-13C HETCOR spectra for complex 246:224 (left) with partial assignment.374 
Due to the low resolution of the 1H dimension it was difficult to assign specific peaks. It should be 
noted however that new signals from the methyl esters can be seen interacting with the 
polynorbornane framework (CO2-CH, Figure 5-18). The esters are directed away from the binding 
cleft and are unlikely to play a role in binding the guest. The appearance of these signals upon 
guest complexation indicates that binding can influence spatially distant sites.  
The 1H-13C HETCOR of the free host 246 revealed that although the [5]polynorbornane backbone 
had low dynamics in the solid state the flexible arms were undergoing significant molecular 
motion. Upon binding of the rigid terephthalate (224) the molecular motion, particularly for the 
flexible arms, was subdued and stronger correlation signals were observed.  
 
5.2.5 Dynamics of the guest – VT 2H NMR  
The movement of molecules can be used to explain the physical properties and behaviour of 
materials. This information is usually hidden by isotropic rotation in solution and cannot be 
observed using X-ray crystallography. As such the development of methods to observe molecular 
motion are of vast importance in the design of functional materials. The solid state NMR 
timeframe is ideal for observing molecular motion and the following section highlights some of 
the key literature examples in the development of such methods.  
Jelinski and co-workers performed studies on the molecular motion in polymers to evaluate the 
packing and flexibility of the semicrystalline compounds.388 A poly(butylene terephthalate) sample 
(412) was synthesised using isotopically enriched terephthalate 411. The rigid nature of the 
terephthalate restricts the molecular motion to 180° ring flips along the long axis which could be 
observed using 2H NMR, Figure 5-19.389,390  
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Figure 5-19: Structure of Jelinski’s poly(butylene terephthalate), phenylene ring flips are highlighted in green.388 
The axially symmetric nature of the electric field gradient at the deuterium sites produced a single 
powder pattern in the form of a Pake doublet, Figure 5-20.391 The Pake pattern can be used to 
calculate the quadrupolar coupling of the deuterium, which is directly linked to the rate of the ring 
flips. Jelinski et. al.388  was able to observe three separate phases in the polymer consisting of a 
crystalline structure where the phenyl ring was static, an intermediate region where slow 180° 
ring flips were observed and a less ordered section where rapid ring flips occur.    
 
Figure 5-20: Simulation of Pake pattern slow (left) and fast (right). 
As the molecular motion is dependent on kinetic energy, increasing the temperature, and 
therefore energy, will have a direct effect on this motion. In Jelinski’s study variable temperature 
(VT) spectra were acquired and fitted to modelled data which was used to calculate the rate of 
flipping. These rates were presented in an Arrhenius plot392 allowing the calculation of energy 
required for individual ring flips (27 kJ mol-1) which was in strong agreement with previous 
computational studies.370 The low activation energy was attributed to the flexibility of the 
butylene linkers, which allowed loose packing of the polymer in solid state.  
The VT NMR experiments of 2H and other quadrupolar nuclei have since been used to study 
molecular motion in solid samples. Garcia-Garibay et. al used 2H NMR to compare the gyroscopic 
rotation in covalent organic frameworks (COF’s) and metal organic frameworks (MOF’s), Figure 
5-21.393-396 The COF’s were constructed using bulky triphenyl stationary groups (stator) linked by 
a bisalkynylphenylene rotor. 
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Figure 5-21: Structure of molecular gyroscopes 413 and 414, stators highlighted in orange and rotors in purple. 
The 180° ring flips of the phenylene rotor were examined using VT 2H and VT 13C cross polarisation 
magic angle spinning (CPMAS) NMR, Figure 5-22. Both experiments were in good agreement and 
an activation energy of 61.1 kJ mol -1 was calculated for the unsubstituted 413.395 The high 
activation energy was attributed to interpenetration of the stator groups between molecules, 
which had been observed in the crystal structure. Increasing the steric bulk on the stators by 
installing methoxy substituted phenylenes (414) prevented the interpenetration and a lower 
activation energy for the ring flips was observed (48.5 kJ mol-1).397 
             
Figure 5-22: VT 2H experimental and simulation spectra for 413 (left) and 414 (right).397,398 
The extensively characterised MOF-5 was selected to study the molecular motion in a 
supramolecular system by Garcia-Garibay et. al..399 MOF-5 consists of Zn4O vertices coordinated 
to terephthalate bridges which arrange, in a highly porous, continuous cubic structure Figure 
5-23.400 MOF-5 was constructed with terephthalate-d4 and the activation energy for the phenyl 
ring flips determined to be 47 ± 2 kJ mol-1. This low activation energy was predicted due to free 
space around the terephthalate rings creating minimal restrictions on the flipping motion.399 
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Figure 5-23: Structure of MOF-5 415 (left)  and VT 2H NMR spectra experimental (middle) and simulation (right).399 
Loeb et. al. was able to observe several different types of molecular motion in MOF systems made 
from rotaxane (416) ‘pillars’, Zn4O (417) vertices and biphenyl dicarboxylate (231) struts, Figure 
5-24. The MOF forms an interlocked structure with the wheel of the rotaxane and residual solvent 
molecules filling the remaining voids. The material can be activated in a vacuum causing complete 
desolvation and reordering of the structure. The restructure created a void in the MOF, and the 
resulting free space allowed molecular motion of the wheel that could be observed using solid 
state 2H NMR experiments.401 
  
Figure 5-24: Cartoon of Loeb’s interlocked MOF, unactivated (middle) and activated (right).401 
At temperatures of 255 K the deuterium is able to jump between an axial and equatorial position 
resulting in a 75° change in angle, Figure 5-25 (left). Increasing the temperature to 318 K activated 
a second type of molecular motion which was assigned to partial rotation of the wheel about the 
axle of the rotaxane, Figure 5-25 (right). The ether linkages of the wheel were able to form 
hydrogen bonds with the central amine of the axle. As such the wheel was able to rotate about 
the axle in a series of 45° jumps to maintain the favourable hydrogen bond interaction. The 
authors described this as partial rotation as the jumps can only occur around the section of the 
wheel containing ether linkages.401 
 
Figure 5-25: Molecular motion of the wheel of 416 at 255 K (left) and 318 K (right).401  
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Spectra recorded at 381 K could not be simulated using only two types of motion and were instead 
fitted to models incorporating full rotation of the wheel, Figure 5-26. The increased energy in the 
system allowed the wheel to rotate around the alkyl section of the ring, still in a series of 45° 
jumps. Excellent correlation was reported between the experimental and calculated spectra using 
this model.401 
 
 
Figure 5-26: Molecular motion of the wheel of  416 at 381 K (left), experimental  2H spectra (middle) and simulated 
(right).401 
Loeb has also designed ligand 418 that self assembles with Zn4O to form an interlocked cubic MOF, 
where each cube is linked by the axle of the rotaxane, Figure 5-27. The axle contains two equal 
benzimidazole recognition sites for the 24-crown-8 wheel, which it can shuttle between. By 
synthesising the ligand with a 13C enriched benzimidazole the shuttling motion could be observed 
using 13C NMR. CPMAS experiments revealed two distinct sites for the ‘crowned’ and uncrowned 
benzimidazole at 298 K. Increasing the temperature caused the peaks to coalesce and form a 
single peak which was in good agreement with the simulated motion. The rate of shuttling and 
the associated energy barrier for the motion were successfully calculated from the simulation. 402  
 
 
Figure 5-27: Structure of ligand 418 (top left), cartoon of MOF (bottom left) and VT 13C CPMAS spectra experimental 
(middle) and simulation (right).402 
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The use of VT 2H NMR has been described by Spiess as a “probe of free volume” as the rate of 
molecular motion is directly influenced by the steric environment of the observed nuclei. In order 
to use this technique to study the molecular motion inside the host:guest complex an enriched 
deuterium site had to be incorporated. Isotopic enrichment at sites of interest (e.g. near binding 
sites) is a common technique to determine changes in structure or activity.2,403 The selected 
isotopes usually have no overall effect on ‘activity’ or function of the molecule but can provide 
site specific information. Isotopic enrichment is particularly effective when the natural abundance 
is extremely low as is the case with deuterium which has a natural abundance of 0.01%. The 
selective introduction of deuterium into the binding cleft was undertaken to directly observe the 
effects of host:guest complexation.  
As it is commonly used in solution state NMR a range of predeuterated molecules are readily 
available, as well as synthetic methodology for selective and saturated incorporation.404-408 While 
it is possible to deuterate the host, or host synthons, this increases the complexity of the often 
challenging synthetic pathway. A more efficient and economical process involves guest 
deuteration prior to the salt formation. Enrichment of the guest also ensures the deuterium is 
located inside the binding cleft and therefore more likely to experience changes in its chemical or 
magnetic environment upon binding. As such a d4-terephthalate guest (419) was prepared from 
commercially available terephthalic acid-2,3,5,6-d4 (411) and complexed with the 
[5]polynorbornane host (246).  
 
 
Figure 5-28: Structure of deuterated guest 419 (left) and the complex 246:419 (right). 
The VT 2H experiments were used to evaluate a sample of free TMA-d4-terephthalate, the resulting 
Pake patterns were consistent with the predicted 180° ring flips, Figure 5-29. The activation energy 
of these rings flips was determined to be 87 ± 6 kJ mol-1 and was unexpectedly high. The large 
activation barrier for the free terephthalate was attributed to a sterically restricted environment 
created by the close packing between molecules in the solid.  
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Figure 5-29: Molecular motion of the phenyl ring flip (top) and solid state NMR 2H spectra of 419 (left) and the 
simulated Pake pattern for a 180° phenylene flip (right). The temperature used to acquire the spectra is shown on the 
left axis and the calculated rates of flipping provided on the right axis. 
For the [5]polynorbornane bisurea:d4-terephthalate complex (246:419) the deuterium spectra 
revealed that the aromatic ring of the terephthalate was undergoing the same 180° ring flips, 
Figure 5-30. The terephthalate guest was ‘held’ in a specific plane due to the intermolecular 
hydrogen bonding between the thiourea and carboxylate groups, preventing free rotation. As 
such the aromatic ring flips disrupt the conjugation between the ring and the carboxylate groups. 
The activation energy for the flipping of the aromatic ring in the complex (246:419) was calculated 
to be 61 ± 2 kJ mol-1, a considerable amount lower than the free guest.  
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Figure 5-30: Solid state NMR  2H spectra of 246:419 (left) and modelling of the simulated Pake pattern for a 180° 
phenylene flip (right). The temperature used to acquire the spectra is shown on the left axis and the calculated rates of 
flipping provided on the right axis. 
The polynorbornane host (246) is designed such that there is a cleft for the guest to bind in, which 
protects the guest from close packing of other complexes. This ‘free space’ provided by the host 
allows easier flipping of the guest and hence lower activation energy compared to the free guest. 
The activation energy of 246:419 was higher than those observed by Garcia-Galibray et. al. for 
MOF-5 (415, 47.2 kJ mol -1)399 and the bulky methoxy substituted gyroscope (414, 48.5 kJ mol -
1).397 This indicates that the binding cleft of the [5]polynorbornane 246 has less ‘free space’ than 
both MOF-5 (415) and gyroscope (414). Similar activation energies were reported for Garcia-
Galibray’s gyroscopes that formed interpenetrated structures in the solid state (e.g. 413, 61.1 kJ 
mol -1).409 
Of particular interest, when the [5]polynorbornane:terephthalate d4 complex (246:419) was 
heated above 60 °C a new signal appeared in the powder pattern, Figure 5-31. The strong and 
sharp signal was caused by isotropic rotation (random free tumbling) of the terephthalate. The 
isotropic rotation indicates that the guest is no longer restricted by either intramolecular 
interactions from the host, nor the steric hindrance of the isolated guest.  
 160 | P a g e  
 
 
Figure 5-31: 2H spectra of 246:419 at various temperatures. Spectra on the far right is after the complex has been 
heated to 100 °C.374 
When the sample was cooled back to 20 °C, the observed Pake pattern has the same quadrupolar 
coupling as the one taken before heating, however the isotropic signal remained. This indicates 
that while the bound guest behaves as expected, the ejected guest cannot return to the binding 
cleft. Instead the ejected guest remains in a freely rotating state, possibly in a void in between the 
complexes.  
The amount of ejected guest can be measured through integration of the isotropic signal. Figure 
5-32 shows the percentage of isotropic (unbound) guest as a function of time. At 60 °C <5% of the 
guest has been ejected from the complex, however further heating rapidly expels the guest. By 
100 °C >40% of the guest has been ejected from the complex and upon cooling only a small 
percentage (2-3%) of the ejected guest returns to the bound state.374 This is an interesting result 
as it indicates that the host:guest solid state morphology undergoes significant changes upon 
heating which cannot be reversed through cooling alone.  
 
Figure 5-32: Percentage of isotropically rotating terephthalate 419 as a function of temperature. Dashed line indicates 
cooling phase.374 
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5.2.6 Conclusion 
An in depth characterisation of both short and long range ordering was performed on the 
host:guest complex 246:224. The studies utilised a variety of solid state NMR experiments to 
acquire detailed structural information on the poorly crystalline solid.  
The SQ-DQ experiments were able to provide insight into the local ordering of the host and 
revealed a change in this ordering upon complexation. The 1H-13C HETCOR experiments clearly 
demonstrated that binding of the guest causes rigidification of the flexible arms of the host.  
Through the use of VT 2H NMR a d4-terephthalate guest was observed to undergo controlled 180° 
ring flips in the solid state. The activation energy of these flips was less than that of the tightly 
packed free guest but more than for literature studies of a similar MOF system. These experiments 
also revealed that at elevated temperatures a considerable amount of the guest (>40% at 100 °C) 
was ejected from the host. The ejected guest could not be bound by the host through cooling of 
the sample alone.  
The above experiments demonstrate that solid state NMR is a useful tool for characterisation of 
supramolecular system, even for poorly crystalline materials. A wide range of experiments exist 
that can be used in conjunction with other analytical techniques to accurately collect precise 
structural information. Solid state NMR can also provide insight into the molecular motion of 
compounds, which may not be available through other analytical methods.  
 
5.3 Future work 
Many more solid state NMR experiments exist which can be utilised by supramolecular chemists 
to observe and analyse their novel assemblies and materials. As such, demonstrating that these 
experiments are suitable for a variety of systems is a key step in the adoption of solid state NMR 
as a first line analytical technique.  
The TMA cation used in this project was selected so it would not interfere with the binding of 
guests. As such little information was collected about its role in the solid state due to the high 
mobility of the cation. The use of harder cations that are more likely to be present in real world 
samples would provide valuable information for the design of future supramolecular hosts. 
Selection of NMR active hard cations, such as lithium and sodium, would also allow further 
information to be gathered on the location and mobility of the cation using 2D 7Li-13C experiments. 
In preliminary solution state studies both lithium and sodium terephthalate were bound by host 
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246 significantly weaker than the TMA terephthalate indicating large behavioural differences 
between the salts, Figure 5-33. 
 
Figure 5-33: Binding isotherm for host 246 with terephthalate as a TMA salt (left) and Li salt (right), titrations 
performed at 2.5 mM host concentration in DMSO-d6. 
The 1H-13C HETCOR experiment demonstrated that the molecular mobility of the 
[5]polynorbornane host (246) was reduced upon complexation of a terephthalate guest. The 
terephthalate has a single conformation and therefore imparts this structural preorganisation 
onto the flexible arms of host. Performing this experiment on complexes with different guests, 
such as adipate (C6, 221), could determine if the guest requires specific properties to enforce 
rigidification of the host, Figure 5-34.  Understanding how different guests bind to the hosts can 
be used to tailor hosts to selectively target guests.  
 
Figure 5-34: Structures of host and complex to probe the effects of guest binding on rigidity. 
Other work discussed in this document (section 3.3.3) designed the [6]polynorbornane host 271, 
which contained a central blocking group in the binding cleft. The effects of the blocking group in 
271 on the guest could be studied through the use of HETCOR experiments. Comparing these 
results to spectra for the open host 232 would determine if the blocking group is capable of 
enforcing rigidity on flexible dicarboxylates, Figure 5-35. The proposed binding mode requires 
guests such as azelate to ‘arc’ around the outside and may therefore influence the guest dynamics.  
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Figure 5-35: Proposed binding of Azelate (C9, 239) by host 232 and 271. 
Interactions between the blocked host 271 and guest could also be probed through deuteration 
of the guests. This approach requires significantly more complex modelling for the flexible guests 
due to the range of motion available to the guests. Alternatively, deuteration of the phenyl group 
in the steric block would allow the dynamics of host (420) to be probed using VT 2H NMR, Figure 
5-36. Guests that ‘arc’ around the blocking group are expected to impose significant steric 
interactions on the free space of the phenyl ring. While guests that are directed away from the 
phenyl ring are unlikely to impede the molecular motion of the blocking group.  
 
Figure 5-36: Structure of host 420 designed to probe the influence of guests upon the dynamics of the host. 
Intermolecular interactions were unable to be detected between the blocking group of host 271 
and bound guests using solution state NMR. However, the proposed binding methods places the 
guest in close proximity with the blocking group, making solid state NMR an attractive method for 
study of the intermolecular interactions between these groups. These interactions could be 
probed using a combination of the spin diffusion and 1H-1H SQ-DQ experiments described here.  
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6 Experimental 
All reagents were obtained from commercial sources and used as provided unless otherwise 
stated. Dimethyl acetylene dicarboxylate (DMAD) 90% supplied by AK scientific Inc. was distilled 
prior to use, using a Kugelrohr short-path vacuum distillation apparatus at 85 °C / 7 mbar.  The 
Mitsudo catalyst RuH2(CO)(PPh3)3 was prepared as described in literature410 and used without 
additional purification.  A solution of t-BuOOH in PhCH3 was prepared as outlined by Sharpless.411 
All microwave reactions were performed using CEM discover S-class microwave reactor in capped 
10 or 35 mL vessels.  
TLC was performed on Merck TLC silica gel 60 F254 plates and unless otherwise specified visualised 
using UV light (λ = 254 nm) and/or potassium permanganate oxidising dip (1:1:100 KMnO4, K2CO3, 
H2O). Where ninhydrin dip is specified the TLC stain was prepared (Ninhydrin 1.5 g, isopropanol 
100 mL, acetic acid 3 mL). Column chromatography was performed using silica gel 60 (230-400 
mesh). 
All melting points were obtained using a Stuart SMP30 melting point apparatus.  
High-resolution mass spectral data was collected on a Thermo NanoLC/OrbiTRAP ELITE or an 
Agilent Technologies ESI-TOF mass spectrometer. Samples were dissolved in a solution of CH3CN 
containing 0.1% formic acid at a concentration of less than 0.1 mg/mL.  
Solution state NMR were obtained using a JEOL-Ex 270 MHz, Eclipse JNM-ECP 400 MHz or a Bruker 
AVANCE III 500 MHZ FT-NMR spectrometer and samples were dissolved in CDCl3, DMSO-d6 or D2O 
as specified. Samples are reported as: chemical shift (ppm), integral, multiplicity (s, singlet; d, 
doublet; t, triplet; q, quartet, m, multiplet; br, broad, app., apparent), J (coupling constant in Hz,), 
assignment. All coupling constants are assigned as homonuclear unless specified as rangeJobserved-split. 
Coupling constants for apparent splitting patterns are reported as an average of the specific 
constants. All spectra were referenced against the residual solvent.412,413 Spectra without an 
internal solvent peak were referenced using an external reference as follows; CH3OH in D2O for 
13C spectra run in D2O, trifluorotoluene in the corresponding solvent for 19F spectra.245  
The 1H NMR spectroscopy titration experiments were carried out using a JEOL EX 270 MHz FT-
NMR spectrometer. Stock solutions of the host (2.5 mM in DMSO-d6) and guest (32.5 mM in host 
solution) were prepared. A spectrum was collected after each addition of the respective guest, 
and the thiourea and aromatic proton chemical shifts were recorded. The data was then plotted 
as a titration isotherm and Job’s plot414 and the data fitted using bindfit online fitting program to 
determine binding constants.247 
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Host:Guest solid state samples were prepared by stirring equimolar amounts of host and guest in 
THF/CH3OH (1:1) for 24 h before the solvent was removed under reduced pressure.  The complex 
was stored at reduced pressure (≤ 0.7 mbar) for 48 h to ensure complete dryness.  
2H solid-state NMR spectra were obtained at 11.7 T (2H Larmor frequency = 76.8 MHz) using 
a Bruker Avance III NMR spectrometer and a 5 mm static double-resonance probe.  A solid 
echo (90 – τ – 90) pulse sequence was used with a 2H 90° pulse width of 7 µs, τ = 20 µs and 
a 1H decoupling field of approximately 40 kHz.  The sample temperature was calibrated 
using the 207Pb signal from a powder sample of lead nitrate.415  The recycle delays used 
were 2 s for the complex (1000 scans acquired per spectrum) and 20 s for bis(TMA) d-
terephthalate (80 scans per spectrum).  Due to their inherent symmetry, the spectra were 
added to their own mirror image after processing, providing an increase in the signal to 
noise ratio of √2. 
The 2H spectra were simulating using the NMR WEBLAB v5.0.416  The four 2H electric field gradient 
(EFG) tensors were assumed to be equivalent, axially symmetric and oriented parallel to the C-2H 
bond. The simulations therefore only involved a single tensor oriented at 60° relative to the 180° 
flip axis, with powder averaging applied to account for all possible orientations of that axis.  A log-
Gaussian distribution in the jump rate was required to accurately reproduce the experimental line 
shapes.  The slow motion limit 2H quadrupolar coupling constants were measured as CQ = 177 kHz 
for the 246:terephthalate-d4 (419) complex and 181 kHz for the bis(TMA) terephthalate-d4 salt 
(419), with the asymmetry parameter ηQ = 0.01 in both cases.  It should be noted that the 
experimental spectra show reduced signal intensities at the outer edges (the “feet” of the powder 
patterns) due to the limited excitation bandwidth of the pulses used.  When matching the 
simulations (which assume uniform excitation) to the experimental patterns, emphasis was 
therefore placed on the shape of the central regions, particularly the relative heights of the inner 
discontinuities. 
1H-13C heteronuclear correlation and 1H-1H homonuclear correlation spectra were obtained at 
16.4 T (1H and 13C Larmor frequency of 700 MHz and 175 MHz respectively) using a Bruker Avance 
III NMR spectrometer and a 1.3 mm magic angle spinning (MAS) double resonance probe.  
Approximately 5 mg of sample was packed in a 1.3 mm MAS rotor for measurement.  The spectra 
were acquired at 60 kHz MAS with temperature regulation, which yielded a sample temperature 
of approximately 55 °C.  The 1H 90° pulse width was 1.7 µs and continuous wave 1H decoupling of 
6 kHz was used.  For the HETCOR experiment, 1H to 13C Hartman Hahn cross polarization was 
achieved via a 3 ms contact pulse.  The contact pulse amplitude on the 1H channel was ramped 
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from 70 to 100% to minimize variation in transfer efficiency due to mismatch of the Hartman Hahn 
condition.   The 2D dataset was acquired by collecting 32 transients in the indirect domain with 
increments of 50 ms in the 1H evolution time.  The 2D 1H-1H single quantum – double quantum 
(SQ-DQ) correlation spectra we acquired using the back to back (BABA) excitation scheme417 with 
4 rotor periods of double quantum excitation and reconversion.  The 2D data set was acquired by 
collecting 256 transients in the indirect domain with increments of one rotor period for the 1H 
evolution.  The 2D 1H-1H SQ-SQ correlation experiments (2D exchange) were acquired with a 1H 
spin diffusion “mixing times” of 100 ms to 1 s.  Where needed, a 9 ms 1H-T2 filter period was 
inserted to spectrally “edit out” the rigid components prior to the 1H evolution in the indirect 
domain.  The data set was acquired by collecting 256 transients in the indirect domain with 
increments of 80 μs in the 1H evolution time. 
X-ray diffractograms were obtained from powder samples of the solid host 246, the 
246:terephthalate (419) complex and the bis(TMA) d-terephthalate-d4 (419) salt using a 
Panalytical X’Pert Powder diffractometer in Bragg-Brentano geometry (reflection mode).  It was 
set up using a Copper anode (CuKα, λ = 0.1542 nm), a graphite monochromator and a high-speed 
line PIXcel detector.  The diffractograms were collected over an angle range of 7-36° at a scan rate 
of 60 s per step or over 7-70° at 15 s per step, with a step size of 0.013°. 
Compounds were named according to the IUPAC guidelines following the von Baeyer system for 
polycyclic compounds.418 The relative stereodescriptors α/β are used to describe the configuration 
of the substituents on the ring system. The name squaramido has been used to refer to the 
functional group 3-amino-4-amino-3-cyclobutene-1,2-dione when being named as part of a 
substituent on the larger parent hydrocarbon framework.  
Unless otherwise stated molecular modelling was performed with Spartan software using Hartree-
Fock 3-21G calculations. Calculating the angle between the thiourea of the hosts was performed 
by orienting the ethylene linkers of the host arms into an all anti conformation prior to energy 
minimisation. The angle of intersection between the S=C bond was then calculated to provide the 
angle of convergence for the host. Molecular modelling for the MOC self-assembly structures in 
chapter 4 were performed by Dr. Benjamin Hay with PCModel software using extended MM3 
force field calculations.  
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6.1 Salt formation 
The desired salt was prepared by stirring the corresponding dicarboxylic acid (1.0 eq.) and the 
appropriate hydroxide (2.0 eq.) in CH3OH (0.5M) at 21 °C for 48 h. The solvent was then removed 
in vacuo to afford the desired compounds. Salts were stored over desiccant silica and redried 
under a vacuum of ≤ 0.7 mbar for a minimum of 24 h prior to use.  
bis(tetramethylammonium) terephthalate. (224)374 
Prepared using terephthalic acid (1.01 g, 6.1 mmol), CH3OH (12 
mL) and tetramethylammonium hydroxide (5.20 mL, 12.3 
mmol,25% in CH3OH). The title compound (1.88 g, 99%) was isolated as a white solid. 
1H NMR (400 MHz, DMSO-d6) δ 7.61 (s, 4 x ArH), 3.11 (s, 24H, 8 × Me). 
13C NMR (101 MHz, DMSO-d6) δ 166.8, 130.4, 120.26, 46.9. 
 
bis(tetramethylammonium)-2,3,5,6-d4-terephthalate. (419)374 
Prepared using terephthalic-2,3,5,6-d6-acid (495.6 mg, 2.9 mmol), 
CH3OH (5.6 mL) and tetramethylammonium hydroxide (2.5 mL, 5.9 
mmol, 25% in CH3OH). The title compound (905.2 mg, 99%) was 
isolated as a white solid. 
1H NMR (400 MHz, DMSO-d6) δ 3.11 (24H, s, 8 × Me)  
13C NMR (101 MHz, DMSO-d6) δ 166.9, 130.2, 119.9, 46.9. 
mp >260 °C (dec) 
 
bis(tetramethylammonium) -2,3,5,6-tetrafluoroterephthalate. (248) 
Prepared using 2,3,5,6-tetrafluoroterephthalic acid (298.1 mg, 1.3 
mmol), CH3OH (2.5 mL) and tetramethylammonium hydroxide (1.1 
mL, 2.6 mmol, 25% in CH3OH). The title compound (429.6 mg, 89%) 
was isolated as a white solid. 
1H NMR (400 MHz, D2O) δ 3.17 (24H, s) 
13C NMR (101 MHz, D2O) δ 166.6, 144.2-141.4 (m)*, 119.9-119.6 (m)*, 55.9 (t, 1JC-N = 4.1). 
 168 | P a g e  
 
*Although 248 is highly symmetric each carbon signal is split by four fluorine’s leading to the 
complex splitting. The major peak of each multiplet are in the correct range for fluorine coupling 
144.2-141.4 1JC-F ≈ 242 Hz and 199.9-199.6 2Jc-F ≈ 23 Hz. 
19F NMR (470 MHz, DMSO-d6) δ -123.1. 
 
bis(tetramethylammonium) isophthalate. (241) 
Prepared using isophthalic acid (616.0 mg, 3.7 mmol), CH3OH (7.4 mL) 
and tetramethylammonium hydroxide (3.1 mL, 7.4 mmol, 25% in 
CH3OH). The title compound (1.06 g, 92%) was isolated as a white solid. 
1H NMR (400 MHz, D2O) δ 8.27 (1H, s, H2), 7.97 (2H, d, J = 7.7, H4,6), 7.50 (1H, t, J = 7.7, H5), 3.11 
(24H, 8 × Me). 
13C NMR (101 MHz, D2O) δ175.7, 137.1, 132.1, 129.7, 129.0, 55.8 (t, 1JC-N = 4.1). 
 
bis(tetramethylammonium)-2,6-naphthalate. (230)419  
Prepared using 2,6-naphthalene dicarboxylic acid (198.0 mg, 
0.9 mmol), CH3OH (1.84 mL) and tetramethylammonium 
hydroxide (780 μL, 1.8 mmol, 25% in CH3OH). The title 
compound (331.3 mg, 99%) was isolated as a white solid. 
1H NMR (270 MHz, D2O) δ 8.40 (2H, s, H1,5), 8.03 (2H, d, J = 8.5, H3,7), 7.95 (2H, d, J = 8.6, H4,8), 
3.06 (24H, s, 8 × Me). 
13C NMR (68 MHz, D2O) δ 176.4, 143.6, 136.9, 130.8, 128.1, 56.4 (t, 1JC-N = 4.1). 
 
bis(tetramethylammonium)-4,4’-diphenylate. (231)419 
Prepared using biphenyl-4,4’-dicarboxylic acid (198.9 mg, 
0.8 mmol), CH3OH (1.65 mL) and tetramethylammonium 
hydroxide (695 μL, 1.7 mmol, 25% in CH3OH). The title compound (311.5 mg, 98%) was isolated as 
a white solid. 
1H NMR (270 MHz, D2O) δ 7.95 (4H, d, J = 8.2), 7.77 (4H, d, J = 8.2,), 3.10 (24H, s, 8 × Me). 
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13C NMR (68 MHz, D2O) δ 175.9, 143.1, 136.4, 130.3, 127.6, 55.8 (t, 1JC-N = 4.1) 
 
bis(tetramethylammonium)-2,6-dipicolinate. (242) 
Prepared using 2,6-dipicolinic acid (211.8 mg, 1.3 mmol), CH3OH (4.9 
mL) and tetramethylammonium hydroxide (1.1 mL, 2.6 mmol, 25% in 
CH3OH). The title compound (321.6 mg, 79%) was isolated as a white 
solid. 
1H NMR (270 MHz, D2O) δ 7.96 (3H, brs, ArH), 3.12 (24H, 8 × Me) 
13C NMR (101 MHz, D2O) δ 173.70, 153.5, 139.2, 125.7, 55.9 (t, 1JC-N = 4.1). 
 
bis(tetramethylammonium) adipate. (221) 
Prepared using adipic acid (232.4 mg, 1.59 mmol), CH3OH (2.40 mL) and 
tetramethylammonium hydroxide (1.35 mL, 3.21 mmol, 25% in 
CH3OH). The title compound (437.6 mg, 94%) was isolated as a white 
solid. 
1H NMR (270 MHz, D2O) δ 3.13 (24H, s), 2.16 – 2.11 (4H, m, 2 × CH2C=O), 1.52 – 1.47 (4H, m, 2 × 
CH2CH2C=O). 
13C NMR (68 MHz, D2O) δ 183.9, 55.4 (t, 1JC-N = 4.1), 37.6, 26.1. 
 
bis(tetramethylammonium) suberate. (223) 
Prepared using suberic acid (198.8 mg, 1.14 mmol), CH3OH (1.40 mL) 
and tetramethylammonium hydroxide (1.00 mL, 2.37 mmol, 25% in 
CH3OH). The title compound (347.8 mg, 95%) was isolated as a white 
solid. 
1H NMR (270 MHz, D2O) δ 3.16 (24H, s), 2.14 (4H, t, J = 7.4, 2 × CH2C=O), 1.52 (4H, app. quin., J = 
7.4, 2 × CH2CH2C=O), 1.30-1.25 (4H, m, 2 × CH2CH2CH2C=O). 
13C NMR (68 MHz, D2O) δ 184.4, 55.4 (t, 1JC-N = 4.1), 37.8, 28.7, 26.0. 
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bis(tetramethylammonium) azelate. (239)419 
Prepared using azelaic acid (245.5 mg, 1.30 mmol), CH3OH (2.60 mL) 
and tetramethylammonium hydroxide (1.10 mL, 2.61 mmol, 25% in 
CH3OH). The title compound (412.5 mg, 94%) was isolated as a white solid. 
1H NMR (400 MHz, D2O) δ 3.16 (24H, s), 2.14 (4H, t, J = 7.5, 2 × CH2C=O), 1.56 – 1.50 (4H, m, 2 × 
CH2CH2C=O), 1.29 (6H, brs, 3 × CH2). 
13C NMR (101 MHz, D2O) δ 185.0, 55.9 (t, 1JC-N = 4.0), 38.3, 29.3, 29.0, 26.6. 
 
 
bis(tetramethylammonium) Dodecanedioate. (240)419 
Prepared using dodecanedioic acid (272.8 mg, 1.18 mmol), CH3OH (2.4 
mL) and tetramethylammonium hydroxide (1.0 mL, 2.37 mmol, 25% in 
CH3OH). The title compound (436.5 mg, 98%) was isolated as a white 
solid. 
1H NMR (400 MHz, D2O) δ 3.16 (24H, s), 2.14 (4H, t, J = 7.5, 2 × CH2C=O), 1.53 – 1.51 (4H, m, 2 × 
CH2CH2C=O), 1.297 (12H, brs, 6 × CH2). 
13C NMR (101 MHz, D2O) δ 185.0, 55.9 (t, 1JC-N = 4.2), 38.4, 29.5, 29.4, 29.3, 26.6. 
 
6.2 General procedures 
A. Mitsudo reaction 
A microwave vessel was charged with the desired alkene (1.0 eq.), RuH2(CO)(PPh3)3 (0.1 eq.) and 
DMF such that the concentration of alkene was 0.6 M. and the resulting slurry stirred for 5 min 
followed by addition of DMAD (2.0 eq.). The vessel was capped and irradiated at 100 °C for 10 
mins. (Caution: Exothermic reaction; monitor until stable). The solution was transferred to a round 
bottom flask and excess DMF was removed under reduced pressure. The crude material was 
purified by column chromatography and recrystallisation. 
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B. Epoxidation 
A predried 3 neck round bottom flask was flushed with N2 and charged with anhydrous THF, such 
that the resulting concentration of alkene was 0.01 M, and the desired alkene (1.0 eq.) and stirred 
until completely dissolved. The solution was cooled to 0 °C whereupon t-BuOOH (1.2-1.7 eq.) was 
added and stirred for a further 15 min followed by addition of t-BuOK (0.1-0.3 eq.). The reaction 
mixture was allowed to warm to ambient temperature and stirred for 16 h at which time it was 
quenched using Na2S2O4 (30 mL, 10% aq.). The solvent was then evaporated to approximately 1/3 
its original volume under reduced pressure at a temperature no greater than 25 °C. The mixture 
was transferred to a separatory funnel and extracted with CHCl3 (4 × 25 mL), the organics 
combined and washed with sat. aq. NaCl (50 mL), then dried (MgSO4), filtered and concentrated 
under reduced pressure. The crude material was purified as specified.  
 
C. Alkene Cyclobutane Epoxide (ACE) 
A microwave vessel was charged with alkene (1.0 eq.), epoxide (1.0 eq.) and dissolved in DMF, 
such that the concentration of alkene was 0.3 M. The reaction mixture was subject to microwave 
irradiation at 150 °C for 10 min. The solution was transferred to a round bottom flask and the 
solvent removed in vacuo and the crude material purified as specified.  
 
D. Thiourea formation 
The Boc-protected diamine (1.0 eq.) was dissolved in DCM, such that the concentration of alkene 
was 0.1 M, followed by addition of TFA (20% v/v) and the reaction stirred for 4 h at 21 °C. The 
volatiles were removed in vacuo followed by coevaporation with CHCl3 (3 × 2 mL). The solid 
material was dissolved in CHCl3, such that the concentration of alkene was 0.05 M, and the amine 
activated by addition of DIPEA (6.0 eq.) followed by addition of the desired isothiocyanate (2.1 
eq.). The resulting solution was stirred for 24 h at 21 °C before the desired product was isolated 
as specified.  
 
E. Squaric diamide formation 
The Boc-protected diamine (1.0 eq.) was dissolved in DCM, such that the concentration of alkene 
was 0.1 M, followed by addition of TFA (20% v/v) and the reaction stirred for 4 h at 21 °C. The 
volatiles were removed in vacuo followed by coevaporation with CH3OH (3 × 2 mL). The resulting 
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white powder was transferred to a microwave vessel containing the desired squaric ester (2.2 eq.) 
followed by addition of CH3OH (0.05 M) and DIPEA (6.0 eq.). The microwave vessel was capped 
and irradiated at 140 °C for 1 h before the desired product was isolated as specified.  
 
6.3 Specific Synthesis 
6.3.1 Common synthetic intermediates 
(1α,2α,6α,7α)-4-oxatricylco[5.2.1.02,6]dec-8-en-3,5-dione. (204)106 
A solution of maleic anhydride (11.6 g, 118 mmol) in 50/50 EtOAc/Pet. Sp. (150 
mL) was cooled to 0 °C with stirring then CPD (10.9 mL, 130 mmol) was added. 
The reaction mixture was stirred for 30 min at 0 °C and a further 30 min at ambient 
temperature during which time a white precipitate formed. The reaction mixture was heated until 
complete dissolution of the precipitate occurred and then allowed to cool slowly to afford the title 
compound (6.3 g) as clear needle like crystals. Subsequent crystallisations of the filtrate afforded 
a further 8.7 g to give an overall yield of 15 g, 77%. 
1H NMR (400 MHz, CDCl3) δ 6.32 (2H, t, J = 1.8, H8,9), 3.58 (2H, dd, J = 3, 1.6, H2,6), 3.52 – 3.50 
(2H, m, H1,7), 1.79 (1H, dt J = 9.0, 1.7, H10a ), 1.57 (1H, dt, J = 9.0, 1.4, H10s). 
13C NMR (101 MHz, CDCl3) δ 171.4, 135.7, 52.9, 47.2, 46.3. 
 
tert-Butyl N-(2-aminoethyl)carbamate. (210)420 
A solution of di-tert-butyl dicarbonate (10.4 g, 47.7 mmol) in THF (30 mL) was 
added dropwise over 1 h to a vigorously stirred solution of ethylenediamine (10 mL, 149.8 mmol) 
in THF (90 mL). The reaction mixture was stirred for 16 h at 21 °C before the solid impurities were 
removed using vacuum filtration. The filtrate was transferred to a round bottom flask and the 
volatiles were removed in vacuo to afford the title compound (6.7 g, 88%) as a yellow oil.  
1H NMR (270 MHz, CDCl3) δ  4.82 (1H, brs, NH), 3.17 (2H, app. q, J = 5.9, CH2NH), 2.80 (2H, t, J = 
5.9, CH2NH2), 1.45 (9H, s, t-Bu), 1.05 (2H, brs, NH2). 
13C NMR (101 MHz, CDCl3) δ 156.3, 79.1, 43.4, 41.9, 28.4.  
 
1α,2α,6α,7α)-4-[2’-(tertbutoxycarbonylamino)ethyl]-4-azatricyclo[5.2.1.0 2,6]dec-
8-en-3,5-dione. (200)4 2 1  
 173 | P a g e  
 
A mixture of norbornene anhydride (999.6 mg, 6.1 mmol) and amine 210 (989.9 
mg, 6.2 mmol) in PhCH3 (13 mL) was heated by microwave irradiation for 30 min 
at 100 °C. The reaction mixture was transferred to a separatory funnel and diluted 
with CHCl3 (20 mL), and the organic phase was washed with 1M aq. HCl (25 mL), 
sat. aq. NaHCO3 (25 mL), sat. aq. NaCl (25 mL) then dried (MgSO4) and the solvent removed in 
vacuo to afford the title compound (1.85 g, 99%) as a white powder.    
1H NMR (270 MHz, CDCl3) δ 6.10 (2H, app. t, J = 1.8, H8,9), 4.66 (1H, brs, NH), 3.48 (2H, app. t, J = 
5.7, H1’), 3.40-3.36 (2H, m, H1,7), 3.26 (2H, dd, J = 2.9, 1.6, H2,6), 3.21 (2H, app. q, J = 5.5, H2’), 
1.72 (1H, dt, J = 8.8, 1.6, 10a), 1.53 (1H, d, J = 8.8, H10s), 1.41 (9H, s, t-Bu). 
13C NMR (68 MHz, CDCl3) δ 178.0, 155.8, 134.6, 79.5, 52.3, 46.0, 45.0, 39.1, 37.9, 28.5. 
 
Dimethyl (1α,2α,6α,7α,8β,11β)-4-(2’-tert-butoxycarbonylaminoethyl)-3,5-dioxo-4-azatetra 
cyclo[5.4.1.02,6.08,11]dodec-9-ene-9,10-dicarboxylate. (207)421 
The title compound was prepared according to general procedure A using 
alkene 200 (1.03 g, 3.15 mmol), RuH2(CO)(PPh3)3 (282.9 mg, 0.31 mmol), DMF 
(5 mL) and DMAD (940 μL, 7.65 mmol). Following column chromatography 
(50% EtOAc/Pet. Sp., Rf = 0.30) and recrystallisation (EtOAc/Pet.Sp.) the title 
compound (954.2 mg, 68%) was isolated as a white powder. 
1H NMR (270 MHz, CDCl3) δ 4.73 (1H, brs NH), 3.75 (6H, s, 2 × Me), 3.61 (2H, t, J = 5.7, H1’), 3.31 
(2H, app. q, J = 5.3, H2’), 3.22 (2H, dd, J = 3.3, 1.9, H2,6), 2.82 (2H, d, J = 1.4, H1,7), 2.78 (2H, s, 
H8,11), 1.74 (1H, d, J = 11.5, H12a), 1.47 (1H, d, J = 11.6, H12s), 1.37 (9H, s, t-Bu). 
13C NMR (68 MHz, CDCl3) δ 177.1, 160.7, 156.0, 141.3, 79.7, 52.1, 47.7, 42.6, 39.1, 38.4, 36.1, 34.4, 
28.4. 
 
Dimethyl (1α,3β,5α,6β,7α,8α,12α)-10-(2’-tert-butoxycarbonylaminoethyl)-9,11-dioxo-10-aza-4 
-oxa-pentacyclo[5.5.1.02,6.03,5.08,12]tridecane-3,5-dicarboxylate. (199)421 
The title compound was prepared according to general procedure B using 
cyclobutene 207 (980.3 mg, 2.18 mmol), THF (300 mL), t-BuOOH (0.98 mL, 
3.72 mmol, 3.8M in PhCH3) and t-BuOK (38.4 mg, 0.34 mmol). The crude 
material was purified using column chromatography (50% EtOAc/Pet. Sp., Rf 
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= 0.26, observed with a ninhydrin dip) to afford the title compound (646.9 mg, 64%) as a white 
solid. 
1H NMR (400 MHz, CDCl3) δ 4.69 (1H, t, J = 4.0, NH), 3.80 (6H, s, 2 × Me), 3.56 (4H t, J = 5.0, H1’), 
3.31 (2H, q, J = 1.4, H2,6), 3.27 (2H, app. q, J = 5.1, H2’), 3.19 (2H, dd, J = 3.4, 2.0, H8,12), 2.38 (2H, 
s, H1,7), 2.13 (1H, d, J = 11.6, H13s), 1.74 (1H dt, J = 11.5. 1.4, H13a) 1.41 (9H, s, t-Bu). 
13C NMR (101 MHz, CDCl3) δ 176.8, 163.9, 156.1, 79.7, 63.6, 53.1, 47.7, 45.9, 39.0, 38.8, 38.6, 37.0, 
28.5. 
  
 
 
Tetramethyl (1α,2β,5β,6α,7β,10β)tetracyclo[4.4.1.02,5.07,10]undec-3,8-diene-3,4,8,9-tetra 
carboxylate. (83)172,175 
A screw cap pressure vessel was charged with quadricyclane (2.0 mL, 21.3 
mmol), DMAD (2.9 mL, 23.6 mmol) and DMF (4.8 mL). The vessel was then 
sealed and the reaction slurry stirred for 4 h at 90 °C. The vessel was allowed to cool to ambient 
temperature and opened, followed by addition of RuH2(CO)(PPh3)3 (197 mg, 0.21 mmol) and 
DMAD (5.8 mL, 47.2 mmol). The vessel was resealed and heated at 140 °C for 4 d. The resulting 
slurry was allowed to cool to ambient temperature the solid material collected by vacuum 
filtration. The filter cake was recrystallised (CH3OH) to afford the title compound (5.94 g, 74%) as 
a tan solid.  
1H NMR (270 MHz, CDCl3) δ 3.78 (12H, s, 4 × Me), 2.76 (4H, s, H2,5,7,10), 2.42 (2H, s, H1,6), 1.37 
(2H, H11).  
1 3C NMR (68 MHz, CDCl3) δ 161.4, 142.6, 52.1, 46.2, 31.8, 23.7.  
 
Tetramethyl (1α,2β,3α,5α,6β,7α,8β,9α,10α,12β)-4,10-dioxahexacyclo[5.5.1.02,6.03,5.08,12.09,11]tri 
decane-3,5,9,11-tetracarboxylate. (202)397 
The title compound was prepared according to general procedure B 
using biscyclobutene 83 (5.6 g, 14.8 mmol), THF (500 mL), t-BuOOH (13.1 
ml, 49.8 mmol, 3.8M in PhCH3) and t-BuOK (441.1 mg, 4.6 mmol). The 
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crude material was purified by trituration (isopropyl alcohol) to afford the title compound (4.1 g, 
68%) as a white solid. 
1H NMR (400 MHz, CDCl3) δ 3.82 (12H, s, 4 × Me), 3.29 (2H, s, H1,7), 2.26 (4H, s, H2,6,8,12), 1.91 
(2H, 2, H13). 
1 3C NMR (101 MHz, CDCl3) δ 164.4, 64.5, 53.0, 49.0, 36.6, 28.7.  
 
Dimethyl (1α,2α,3α,4α,7α,8β,9β,10α)-pentacyclo[6.4.0.02,10.03,7.04,9]dodeca-5,11-diene-8,9-
dicarboxylate. (1)167,168,244 
Under a flow of N2, a predried 3-neck round bottom flask was charged with NaH 
(11.8 g, 0.29 mol, 60% in mineral oil) and anhydrous THF (200 mL). The resulting 
slurry was stirred vigorously and cooled to 0 °C followed by cannula transfer of 
CPD (24.8 mL, 0.29 mol) at -80 °C over 90 min. The reaction mixture was allowed to warm to 
ambient temperature and stirred for 1 h before being cooled to -80 °C whereupon dropwise 
addition of a solution of I2 (37.6 g, 0.15 mol) in THF (35 mL) was performed over 70 min. The cold 
reaction was stirred for a further 15 min followed by dropwise addition of neat DMAD (20.2 mL, 
0.16 mol) over 10 min. The reaction mixture was stirred for 1 h at -80 °C before being allowed to 
slowly warm to ambient temperature and stirred for a further 4 h. The black slurry was filtered 
through celite and the filter cake flushed with THF (4 × 50 mL). The combined solvent was reduced 
to approximately 1/3 its volume in vacuo at a temperature ≤ 30 °C. The crude mixture was diluted 
with Et2O (200 mL) and stirred for 15 min followed again by filtration through celite. The filter cake 
was flushed with Et2O (4 × 50 mL) the solvent removed in vacuo at a temperature ≤ 30 °C and the 
crude material stored in the fridge under a N2 atmosphere overnight.  
The crude material was diluted in CH3OH (200 mL), cooled to -15 °C followed by dropwise addition 
of a cold solution of KOH (14.2 g, 0.25 mol) in H2O (40 mL) with the reaction mixture kept below -
5 °C. Upon completion of the addition the mixture was stirred for 2 h at 0 °C then 3 h at ambient 
temperature. The reaction mixture was filtered through celite and the filter cake flushed with 
CH3OH (4 × 50 mL). The filtrate was reduced to approximately 1/3 its volume in vacuo at a 
temperature ≤35 °C. The crude mixture was diluted with H2O (250 mL) and extracted with Pet. Sp. 
(6 × 50 mL), the combined organics were washed with sat. aq. Na2S2O3 (2 × 80 mL), sat. aq.  NaCl 
(80 mL), then dried (MgSO4), filtered then concentrated in vacuo at a temperature ≤30 °C. The 
orange oil was purified using column chromatography (20% EtOAc/Pet. Sp., Rf = 0.43) to afford 
the title compound (2.6 g, 7%) as a tan solid.  
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1H NMR (270 MHz, CDCl3) δ 6.07 (4H app. t, J = 1.9, H5,6,11,13), 3.59 (6H, s, 2 × Me), 3.31 (4H, dt, 
J = 2.8, 2.0, H1,4,7,10), 2.50 (2H, tt, J = 2.0, 0.9, H2,3). 
13C NMR (68 MHz, CDCl3) δ 172.9, 132.8, 69.6, 64.5, 59.0, 51.7. 
 
(1α,2α,3α,4α,7α,8β,9β,10α)-Pentacyclo[6.4.0.02,10.03,7.04,9]dodeca-5,11-diene-8,9-dicarboxylic 
acid. (133)166,167,280 
 
A solution of diester 1 (314.4 mg, 42.1 mmol) and KOH (4M aq., 4.1 mL, 16.4 mmol) in CH3OH (4.1 
mL) was heated at 60 °C for 4 h. The reaction mixture was transferred to a separatory funnel and 
washed with EtOAc (15 mL). The aqueous layer was acidified to pH 1 using 4M HCl followed by 
extraction with EtOAc (5 × 15 mL) The combined organics were washed with sat. aq. NaCl (30 mL), 
then dried (MgSO4), filtered then concentrated in vacuo. The crude brown solid was triturated 
with minimal Et2O (2 mL) and the resultant white solid collected by vacuum filtration as the title 
compound (251.5 mg, 89%).  
1H NMR (270 MHz, CDCl3) δ 2H 11.86 COOH, 5.95 (4H, app. t, J = 1.9, H5,6,11,13), 3.22 (4H, app. q 
J = 2.0, H1,4,7,10), 2.34-2.38 (m, 2H, H2,3). 
13C NMR (68 MHz, CDCl3) δ 173.2, 132.5, 68.8, 63.7, 58.2. 
mp 238.4 °C (dec.) (lit. 235 – 240 °C dec.167)  
 
 (6α,9α,10α,11α,12α,15α)-3-Oxahexacylco[7.6.0.01,5.05,12.06,10.011,15]pentadeca-7,13-dien-2,4-
dione (134)166,280 
The diacid 133 (247.7 mg, 1.01 mmol) was dissolved in CH2Cl2 (2.8 mL) followed 
by addition of Ac2O (1.4 mL, 14.81 mmol). The reaction mixture was stirred for 
4 h at 40 °C before the volatiles were removed in vacuo to afford the title 
compound (227.5 mg, 99%) as a tan solid.  
1H NMR (270 MHz, CDCl3) δ 6.16 (4H, app. t, J = 2.0, H7,8,13,14), 3.61 (4H, app. q, J = 2.2, 
H6,9,12,15), 2.92 (2H, app. t, J = 1.8, H10,11).  
13C NMR (68 MHz, CDCl3) δ 170.1, 132.7, 69.1, 65.3, 64.1. 
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(6α,9α,10α,11α,12α,15α)-3-Azahexacylco[7.6.0.01,5.05,12.06,10.011,15]pentadeca-7,13-dien-2,4-
dione. (275)281 
A microwave vessel was charged with anhydride 134 (100.8 mg, 0.45 mmol), 
NH4OAc (1.07 g, 13.88 mmol) and AcOH (4.5 mL), the vessel was then capped 
and heated by microwave irradiation for 30 min at 140 °C. The reaction mixture 
was transferred to a separatory funnel using H2O (15 mL) and extracted with DCM (3 × 10 mL). 
The combined organic layers were washed with sat. aq. NaCl (20 mL), then dried (MgSO4), filtered 
and concentrated in vacuo. The crude material was triturated in CHCl3 (4 mL) and filtered, the solid 
impurities were isolated as the amic acid 276 (42.4 mg, 38%), the filtrate was concentrated in 
vacuo followed by purification using column chromatography (EtOAc, Rf = 0.36) to afford the title 
compound (54.5 mg, 54%) as a white solid.  
1H NMR (270 MHz, CDCl3) δ 7.62 (1H, brs, NH), 6.08 (4H, app. t, J = 2.0, H7,8,13,14), 3.47 (4H, app. 
q, J = 2.2, H6,9,12,15), 2.88 (2H, app. quin., J = 2.6, H10,11).  
13C NMR (68 MHz, CDCl3) δ 175.4, 132.4, 68.5,64.6, 62.5. 
 
9-carbamoyl-(1α,2α,3α,4α,7α,8β,9β,10α)-Pentacyclo[6.4.0.02,10.03,7.04,9]dodeca-5,11-diene-8-
carboxylic acid. (276) 
 
1H NMR (270 MHz, CDCl3) δ 12.54 (1H, s, COOH), 7.20 (1H, s, NHs), 6.90 (1H, s, NHa), 6.02-5.97 (4H, 
m, H3,4,9,10), 3.30 (2H, s, 2,8), 3.24 (2H, s, 5,11), 2.39 (2H, app. quin. J = 1.9, H6,7). 
 
(6α,9α,10α,11α,12α,15α)-3-(4-Methoxyphenyl)-3-azahexacylco[7.6.0.01,5.05,12.06,10.011,15] 
pentadeca-7,13-dien-2,4-dione. (277)419 
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A microwave vessel was charged with anhydride 134 (141.4 mg, 0.63 mmol), 
p-anisidine (103.8 mg, 0.84 mmol) and PhCH3 (3.2 mL). The vessel was 
capped and heated by microwave irradiation for 30 min at 150 °C. The 
reaction mixture was transferred to a separatory funnel and diluted with 
CHCl3 (15 mL). The organics were washed with 1M HCl (15 mL), sat. aq. NaCl 
(15 mL), then dried (MgSO4), filtered then the solvent removed in vacuo. The 
crude material was triturated in CHCl3 (4 mL) and filtered by vacuum filtration, the solid impurities 
were identified as the amic acid 278 (132.4 mg, 64%). The filtrate solvent was removed in vacuo 
and the resulting solid purified by column chromatography (20% EtOAc/Pet. sp., Rf = 0.30) to 
afford the title compound (44.0 mg, 21%) as a white powder. 
1H NMR (270 MHz, CDCl3) δ 7.02 (2H, AA’BB’, J = 9.1, 5.3, 5.3, 0.0†, H2’), 6.75 (2H, AA’BB’, J = 9.1, 
5.3, 5.3, 0.0, H3’), 6.12 (4H, app. t, J = 2.0, H7,8,13,14), 3.79 (3H, s, Me), 3.56 (4H, app. q, J = 2.1, 
H6,9,12,15), 2.93 (2H, app. quin., J = 3.4, 1.8, H10,11).  
†AA’BB’ JAB = 9.1, JAA’ = JBB’ = 5.3, JAB’ = 0.0.  
13C NMR (68 MHz, CDCl3) δ 175.0, 159.6, 132.4, 128.5, 124.9, 114.4, 66.9, 64.6, 62.7, 55.6. 
HRMS (ESI-OrbiTRAP) m/z; [M + H]+ Calc. for C21H18NO3 332.1242, found 332.1281. 
mp 197.0 – 198.5 °C 
9-(N-(4-Methoxyphenyl)carbamoyl-(1α,2α,3α,4α,7α,8β,9β,10α)-pentacyclo[6.4.0.02,10.03,7.04,9] 
dodeca-5,11-diene-8-carboxylic acid. (278) 
 
1H NMR (270 MHz, CDCl3) δ 7.52 (1H, s, NH), 7.34-7.28 (2H, m, H3’), 6.85-6.79 (2H, m, H2’), 6.20-
6.18 (4H, m, H3,4,9,10), 3.77 (3H, s, Me), 3.46-3.40 (4H, m, H2,5,8,11), 2.60 (2H, app. quin., J = 2.0, 
H6,7) 
 
 
 179 | P a g e  
 
6.4 Bisthiourea hosts  
Dimethyl (1α,2β,3α,4α,8α,9α,10β,11α,12β,13α,14α,18α,19α,20β)-6,16-bis(2’-tert-butoxy 
carbonylaminoethyl)-5,7,15,17-tetraoxo-6,16-diaza-21-oxaoctacyclo[9.9.1.13,9.113,19.02,10.04,8. 
012,20.014,18]tricosane-1,11-dicarboxylate. (201)421 
The title compound was prepared according to general procedure C 
using alkene 200 (358.2 mg, 1.17 mmol), epoxide 199 (492.5 mg, 1.06 
mmol) and DMF (2.1 mL). The crude material purified by column 
chromatography (80% EtOAc/Pet. spirits Rf = 0.36) to afford the title 
compound (610.4 mg, 68%) as a white solid. TLC plates were observed with ninhydrin dip which 
revealed a blue spot upon heating.  
1H NMR (500 MHz, CDCl3) δ 4.76 (2H, brs, 2 × NH), 3.86 (6H, s, 2 × Me), 3.61 (4H, t, J = 5.6, 2 × 
CH2N), 3.27 (4H, app. q, J = 5.2, 2 × CH2NH), 2.98 (4H, dd, J = 3.2, 2.0, H4,8,14,18), 2.61 (2H, d, J = 
10.9 H22s,23s), 2.58 (4H, s, H3,9,13,19), 2.03 (4H, s, 2,10,12,20), 1.43 (18H, s, 2 × t-Bu), 1.22H, d, 
10.7, H22a, 23a) 
13C NMR (68 MHz, CDCl3) δ 176.9, 167.8, 156.1, 90.3, 79.9, 52.7, 50.2, 48.3, 41.2, 39.1, 38.9, 38.1, 
28.46. 
 
Dimethyl (1α,2β,3α,4α,8α,9α,10β,11α,12β,13α,14α,18α,19α,20β)-6,16-bis(p-fluorophenyl 
thiouredioethyl)-5,7,15,17-tetraoxo-6,16-diaza-21-oxaoctacyclo[9.9.1.13,9.113,19.02,10.04,8.012,20. 
014,18]tricosane-1,11-dicarboxylate. (211)421  
The title compound was prepared according to general procedure D 
using protected diamine 201 (112.8 mg, 0.15 mmol), CH2Cl2 (1.5 mL), 
TFA (300 μL, 3.92 mmol), CHCl3 (2.9 mL), DIPEA (160 μL, 0.90 mmol) 
and 4-fluorophenyl isothiocyanate (57.3 mg, 0.37 mmol). After 
stirring for 24 h the reaction mixture was transferred to a separatory 
funnel and diluted with CHCl3 (10 mL). The organic phase was washed 
with sat. aq. NaHCO3 (15 mL), 1M HCl (15 mL), sat. aq. NaCl (15 mL), 
then dried (MgSO4), filtered and concentrated in vacuo. The crude 
material was purified by trituration (CH3OH) to afford the title compound (68.2 mg, 53%) as a pale 
yellow solid. 
1H NMR (500 MHz, DMSO-d6) δ 9.49 (2H, s, NH5’), 7.65 (2H, s, H3’), 7.27 (4H, app. dd, J = 8.3, 5.2, 
H8’), 7.17 (4H, app. t, J = 8.8, H7’), 3.80 (6H, s, 2 × Me), 3.57 (4H, brs, H1’,2’), 2.97 (4H, s, 
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H4,8,14,18), 2.37 (4H, s, H3,9,13,19), 2.28 (2H, d, J = 9.7, H22s,23s), 1.91 (4H, s, H2,10,12,20), 1.17 
(2H, d, J = 9.7, H22a, 23a).  
13C NMR (126 MHz, DMSO-d6) δ 180.8, 177.0, 167.9, 159.5 (d 1JC-F = 242.3), 134.7, 126.7, 115.5 (d 
2JC-F = 22.5), 89.6, 52.5, 49.8, 47.7, 41.4, 40.3, 37.7, 37.0. 
 
Tetramethyl (1α,2β,3α,4β,5α,6α,10α,11α,12β,13α,14β,15α,16β,17α,18β,19α,20α,24α,25α, 
26β,27α,28β)-8,22-bis(2’-tert-butoxycarbonylaminoethyl)-7,9,21,22-tetraoxo-8,22-diaza-30,32-
dioxadodecacyclo[13.13.1.13,13.15,11.117,27.119,25.02,14.04,12.06,10.016,28.018,26.020,24]tritriacontane-
3,13,17,27-tetracarboxylate (203).236 
 The title compound was prepared according to general 
procedure C using alkene 204 (820.5 mg, 2.01 mmol), 
bisepoxide 202 (1.31 g. 4.27 mmol) and DMF (4.0 mL). 
The crude material purified by trituration (CH3OH, 5 mL) 
to afford the title compound 1.68 g, 82%) as a white 
solid.  
1H NMR (400 MHz, DMSO-d6) δ 6.60 (2H, t, J = 4.9, 2 × NH), 3.76 (12H, s, 4 × Me), 3.44 (4H, t, J = 
5.8, H1’), 3.03 (4H, app. q, J = 5.5, H2’), 2.98 (4H, brs, H6,10,20,24), 2.33 (4H, d, J = 1.2, 
H5,11,19,25), 2.25 (2H, d, J = 9.6, J = 31s,33s), 2.09 (4H, s, H4,12,18,26), 1.88 (4H, s, H2,14,16,28), 
1.73 (2H, s, H1,15), 1.58 (2H, s, H29), 1.36 (18H, s, 2 × t-Bu), 1.12 (2H, d, J = 9.6, H31a, 33a).  
13C NMR (101 MHz, DMSO-d6) δ 176.8, 168.2, 155.7, 89.3, 77.9, 53.5, 52.2, 47.7, 38.3, 37.7, 37.5, 
28.1. 
HRMS (ESI-TOF) m/z: [M + H]+ Calc. for C51H65N4O18 1043.4108, found 1043.4135.  
 
Tetramethyl (1α,2β,3α,4β,5α,6α,10α,11α,12β,13α,14β,15α,16β,17α,18β,19α,20α,24α,25α, 
26β,27α,28β)-8,22-bis(p-fluorophenylthiouredioethyl)-7,9,21,22-tetraoxo-8,22-diaza-30,32-
dioxadodecacyclo[13.13.1.13,13.15,11.117,27.119,25.02,14.04,12.06,10.016,28.018,26.020,24]tritriacontane-
3,13,17,27-tetracarboxylate. (212)236 
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The title compound was prepared according to general 
procedure D using protected diamine 203 (196.2 mg, 
0.19 mmol), CH2Cl2 (2.0 mL), TFA (400 μL, 5.22 mmol), 
CHCl3 (4.0 mL), DIPEA (210 μL, 1.18 mmol) and 4-
fluorophenyl isothiocyanate (76.0 mg, 0.50 mmol). After 
stirring for 24 h the resulting white precipitate was 
collected by vacuum filtration and the filter cake was 
washed with CH3OH (2 × 2 mL). The crude material was 
purified by trituration (CH3OH, 3 mL) to afford the title compound (128.6 mg, 60%) as a white 
powder. 
1H NMR (500 MHz, DMSO-d6) δ 9.60 (2H, s, H5’), 7.48 (s, 2H, H3’), 7.30 (4H, app. dd, J = 8.6, 5.1, 
8’), 7.20 (4H, app. t, J = 8.8, H7’), 3.76 (12H, s, 4 × Me), 3.63 – 3.59 (8H, m, H1’2’), 2.98 (4H, s, 
H6,10,20,24), 2.34 (4H, s, H5,11,19,25), 2.24 (2H, d, J = 9.4, H31s,33s), 1.88 (4H, s, H4,12,18,26), 
1.83 (4H, s, H2,14,16,28), 1.64 (2H, s, H1,15), 1.56 (2H, s, H31), 1.12 (2H, d, J = 9.5, H31a,33a). 
13C NMR (126 MHz, DMSO-d6) δ 180.7, 177.1, 168.2, 159.6 (d, 1JC-F = 242.3), 134.6, 126.6 (d, 3JC-F = 
6.4), 115.6 (d, 2JC-F = 22.9), 89.3, 53.7, 52.2, 50.2, 47.7, 42.6, 40.3, 37.4, 37.0, 28.9.  
19F NMR (470 MHz, DMSO-d6) δ -118.5. 
 
Tetramethyl (1α,2β,3α,4β,5α,6α,10α,11α,12β,13α,14β,15α,16β,17α,18β,19α,20α,24α,25α, 
26β,27α,28β)-7,9,21,22-tetraoxo-8,22-bis(p-(trifluoromethyl)phenylthiouredioethyl-8,22-
diaza-30,32-dioxadodecacyclo[13.13.1.13,13.15,11.117,27.119,25.02,14.04,12.06,10.016,28.018,26.020,24] 
tritriacontane-3,13,17,27-tetracarboxylate. (245) 
The title compound was prepared according to general 
procedure D using protected diamine 203 (200.6 mg, 
0.20 mmol), CH2Cl2 (2.4 mL), TFA (600 μL, 7.84 mmol), 
CHCl3 (4.0 mL), DIPEA (210 μL, 1.18 mmol) and 4-
(trifluoromethyl)phenyl isothiocyanate (100.0 mg, 0.49 
mmol). After stirring for 24 h the reaction mixture was 
transferred to a separatory funnel and diluted with 
CHCl3 (10 mL). The organic phase was washed with sat. 
aq. NaHCO3 (15 mL), 1M HCl (15 mL), sat. aq. NaCl (15 mL), then dried (MgSO4), filtered and 
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concentrated in vacuo. The crude material was purified by trituration (CH3OH) to afford the title 
compound (153.1 mg, 64%) as a white powder. 
1H NMR (500 MHz, DMSO-d6) δ 10.01 (2H, s, H5’), 7.98 (s, 2H, H3’), 7.69 (4H, d, J = 8.7, 8’), 7.59 
(4H, d, J = 8.4, H7’), 3.74 (12H, s, 4 × Me), 3.68 (4H, brs, H1’), 3.63 (4H, brs, H2’), 3.01 (4H, s, 
H6,10,20,24), 2.34 (4H, s, H5,11,19,25), 2.25 (2H, d, J = 9.3, H31s,33s), 1.89 (8H, s, 
H2,4,12,14,16,18,26,28), 1.66 (2H, s, H1,15), 1.56 (2H, s, H31), 1.14 (2H, d, J = 9.4, H31a,33a). 
13C NMR (126 MHz, DMSO-d6) δ 180.6, 177.1, 168.2, 142.7, 126.0 (br), 124.4 (q, 1JC-F = 272.0), 123.9 
(q, 2JC-F = 32.5), 122.3, 89.4, 53.7, 52.2, 50.2, 47.8, 42.3, 40.3, 37.4, 37.0, 28.7.  
19F NMR (470 MHz, DMSO-d6) δ -62.77. 
 
Tetramethyl (1α,2β,3α,4β,5α,6α,10α,11α,12β,13α,14β,15α,16β,17α,18β,19α,20α,24α,25α, 
26β,27α,28β)-8,22-bis(p-nitrophenylthiouredioethyl)-7,9,21,22-tetraoxo-8,22-diaza-30,32-
dioxadodecacyclo[13.13.1.13,13.15,11.117,27.119,25.02,14.04,12.06,10.016,28.018,26.020,24]tritriacontane-
3,13,17,27-tetracarboxylate. (246)236 
 The title compound was prepared according to general 
procedure D using protected diamine 203 (206.6 mg, 
0.20 mmol), CH2Cl2 (2.0 mL), TFA (400 μL, 5.22 mmol), 
CHCl3 (4.0 mL), DIPEA (220 μL, 1.23 mmol) and 4-
nitrophenyl isothiocyanate (88.0 mg, 0.49 mmol). After 
stirring for 24 h the reaction mixture was transferred to 
a separatory funnel and diluted with CHCl3 (10 mL). The 
organic phase was washed with sat. aq. NaHCO3 (15 mL), 
1M HCl (15 mL), sat. aq. NaCl (15 mL), then dried (MgSO4), filtered and concentrated in vacuo. The 
crude material was purified by trituration (CH3OH) to afford the title compound (97.9 mg, 41%) as 
a pale yellow solid. 
1H NMR (500 MHz, DMSO-d6) δ 10.32 (2H, s, H5’), 8.22 (4H, d, J = 9.1, 8’), 8.13 (2H, s, H3’), 7.72 
(4H, d, J = 9.1, H7’), 3.73 (12H, s, 4 × Me), 3.66 – 3.68 (8H, m, H1’,2’), 3.03 (4H, s, H6,10,20,24), 
2.34 (4H, s, H5,11,19,25), 2.23 (2H, d, J = 9.5, H31s,33s), 1.84 (8H, s, H2,4,12,14,16,18,26,28), 1.63 
(2H, s, H1,15), 1.53 (2H, s, H29), 1.14 (2H, d, J = 9.4, H31a,33a). 
13C NMR (126 MHz, DMSO-d6) δ 180.5, 177.1, 168.1, 145.8, 142.3, 124.7, 121.0, 89.3, 53.8, 52.2, 
50.4, 47.7, 42.5, 40.3, 40.1, 37.1, 36.9, 28.8. 
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HRMS (ESI-TOF) m/z: [M + H]+ Calc. for C55H57 N8O18S2 1181.3227, found 1181.3234. 
 
Tetramethyl (1α,2β,3α,4β,5α,6α,10α,11α,12β,13α,14β,15α,16β,17α,18β,19α,20α,24α,25α, 
26β,27α,28β)-8,22-bis(7’,7’-difluorophenylthiouredioethyl)-7,9,21,22-tetraoxo-8,22-diaza-
30,32-dioxadodecacyclo[13.13.1.13,13.15,11.117,27.119,25.02,14.04,12.06,10.016,28.018,26.020,24] 
tritriacontane-3,13,17,27-tetracarboxylate. (247) 
The title compound was prepared according to general 
procedure D using protected diamine 247 (197.6 mg, 
0.19 mmol), CH2Cl2 (2.0 mL), TFA (400 μL, 5.22 mmol), 
CHCl3 (4.0 mL), DIPEA (210 μL, 1.18 mmol) and 2,6-
difluorophenyl isothiocyanate (60 μL, 0.46 mmol). After 
stirring for 24 h the reaction mixture was transferred to 
a separatory funnel and diluted with CHCl3 (10 mL). The 
organic phase was washed with sat. aq. NaHCO3 (15 mL), 1M HCl (15 mL), sat. aq. NaCl (15 mL), 
then dried (MgSO4), filtered and concentrated in vacuo. The crude material was purified by 
trituration (CH3OH) to afford the title compound (83.6 mg, 38%) as a white solid. 
1H NMR (500 MHz, DMSO-d6) δ 9.08 (2H, s, H5’), 7.85 (s, 2H, H3’), 7.36 (2H, app. quin., J = 7.3, 9’), 
7.12 (4H, app. t, J = 8.0, H8’), 3.78 (12H, s, 4 × Me), 3.64 (4H, brs, H1’), 3.53 (4H, brs, H2’), 2.95 
(4H, s, H6,10,20,24), 2.32 (4H, s, H5,11,19,25), 2.25 (2H, d, J = 9.3, H31s,33s), 1.86 (4H, s, 
H4,12,18,26), 1.81 (4H, s, H2,14,16,28), 1.68 (2H, s, H1,15), 1.59 (2H, s, H31), 1.12 (2H, d, J = 9.5, 
H31a,33a). 
13C NMR (101 MHz, DMSO-d6) δ 183.3, 177.3, 168.8, 159.3 (dd, 1JC-F = 250.1, 3JC-F = 4.6), 129.3 (app. 
t, 3JC-F = 10.0), 116.5 (app. t, 3JC-F = 13.1), 112.3 (d, 2JC-F = 23.2), 89.9, 54.2, 52.8, 50.7, 48.2, 43.0, 
40.7, 38.1, 37.6, 29.3. 
19F NMR (470 MHz, DMSO-d6) δ -120.01. 
 
Hexamethyl (1α,2β,3α,4α,5α,6α,7β,8α,9β,10α,11α,15α,16α,17β,18α,19β,20α,21β,22β,23α, 
24β,25α,26β,27α,28α,32α,33α,34β) -13,30-bis(2’-tert-butoxycarbonyaminoethyl)--12,14,29,31-
tetraoxo-13,30-diaza-35,37-dioxapentadecacyclo[23.9.1.18,18.110,16.127,33.02,24.03,21.04,23.05,20.06,22. 
07,19 0.9,17.011,15.026,34.028,32] octatriaconta-1,8,18,21,22,25-hexacarboxylate. (235)419 
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The title compound was prepared according to 
general procedure C using bisalkene 1 (28.2 
mg, 0.10 mmol), epoxide 199 (99.3 mg. 0.21 
mmol) and DMF (430 μL). The crude material 
was purified by trituration (CH3OH, 5 mL) to 
afford the title compound (81.1 mg, 65%) as a 
white powder.  
1H NMR (500 MHz, DMSO-d6) δ 6.91 (2H, t, J = 5.9, 2 × NH), 3.78 (12H, s, 4 × Me), 3.55 (6H, s, 2 × 
Me), 3.43 (4H, t, J = 6.2, H1’), 3.00 – 2.99 (8H, m, H11,15,28,32,2’), 2.35 (4H, s, H10,16,27,33), 2.29 
(2H, d, J = 9.0, H36s,38s), 2.13 (4H, s, H3,6,20,23), 1.88 (4H, s, H9,17,26,34), 1.35 (18H, s, 2 × t-Bu), 
1.15 (2H, d, J = 9.3, H36aH38a).  
Two 1H signals (H2,4,5,7,19,24) under DMSO confirmed by direct correlation with two 13C signals 
through HSQC experiments. 
13C NMR (126 MHz, DMSO-d6) δ 176.9, 170.0, 168.1, 155.6, 89.8, 77.9, 59.0, 56.5, 52.5, 51.5, 49.5, 
48.2, 47.6, 44.1, 40.4, 37.9, 37.1, 36.8, 28.1. 
HRMS (ESI-OrbiTRAP) m/z; [M + H]+ Calc. for C60H73N4O22 1201.4672, found 1201.4711. 
mp > 261.9 °C dec. 
 
Hexamethyl (1α,2β,3α,4α,5α,6α,7β,8α,9β,10α,11α,15α,16α,17β,18α,19β,20α,21β,22β,23α, 
24β,25α,26β,27α,28α,32α,33α,34β)-13,30-bis(p-fluorophenylthiouredioethyl)-12,14,29,31-
tetraoxo-13,30-diaza-35,37-dioxapentadecacyclo[23.9.1.18,18.110,16.127,33.02,24.03,21.04,23.05,20.06,22. 
07,190.9,17.011,15.026,34.028,32] octatriaconta-1,8,18,21,22,25-hexacarboxylate (232).419 
The title compound was prepared according to 
general procedure D using protected diamine 
235 (58.6 mg, 0.05 mmol), CH2Cl2 (500 μL), TFA 
(90 μL, 1.53 mmol), CHCl3 (980 μL), DIPEA (55 
μL, 0.32 mmol) and 4-fluorophenyl 
isothiocyanate (15.9 mg, 0.10 mmol). After 
stirring for 24 h the resulting white precipitate 
was collected by vacuum filtration and washed 
with CH3OH (2 × 2 mL). The crude material was 
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sonicated in CH3OH (2 mL) before being cooled to 0 °C and the solid material collected to afford 
the title compound (49.3 mg, 77%) as a white powder.  
1H NMR (500 MHz, DMSO-d6) δ 9.53 (2H, brs, H5’), 7.67 (2H, brs, H3’), 7.26 (4H, dd, J = 8.6,5.1, 
H8’), 7.17 (4H, app. t, J = 8.8, H7’), 3.77 (12H, s, 4 × Me), 3.60 (8H, brs, H1’,2’), 3.57 (6H, s, 2 × Me), 
2.99 (4H, s, H11,15,31,35), 2.35 (4H, s, H10,16,27,33), 2.31 (2H, d, J = 8.8, H36s,38s), 2.13 (4H, s, 
H3,6,20,23), 1.91 (4H, s, H9,17,26,34), 1.16 (2H, d, J = 8.9, H36aH38a).  
Two 1H signals (H2,5,6,7,19,24) under DMSO confirmed by direct correlation with two 13C signals 
through HSQC experiments. 
13C NMR (126 MHz, DMSO-d6) δ 181.2, 177.5, 170.5, 168.6, 160.0 (d, 1JC-F = 242.3), 135.0, 127.2 (d, 
3JC-F = 7.6), 116.0 (d, 2JC-F = 22.5), 90.33, 59.4, 57.0, 53.0, 52.3, 49.9, 48.5, 48.2, 44.6, 41.9, 40.8, 
38.2, 37.4. 
19F NMR (470 MHz, DMSO-d6) δ -171.0. 
HRMS (ESI-OrbiTRAP) m/z; [M + H]+ Calc. for C64H65F2N6O18S2 1307.3720, found 1307.3779. 
mp > 249.8 °C dec. 
 
Hexamethyl (1α,2β,3α,4α,5α,6α,7β,8α,9β,10α,11α,15α,16α,17β,18α,19β,20α,21β,22β,23α, 
24β,25α,26β,27α,28α,32α,33α,34β)-13,30-bis(p-nitrophenylthiouredioethyl)-12,14,29,31-
tetraoxo-13,30-diaza-35,37-dioxapentadecacyclo[23.9.1.18,18.110,16.127,33.02,24.03,21.04,23.05,20.06,22. 
07,190.9,17.011,15.026,34.028,32] octatriaconta-1,8,18,21,22,25-hexacarboxylate. (286) 
The title compound was prepared according to 
general procedure D using protected diamine 
235 (99.7 mg, 0.07 mmol), CH2Cl2 (730 μL), TFA 
(150 μL, 1.96 mmol), CHCl3 (1.5 mL), DIPEA (70 
μL, 0.39 mmol) and 4-nitrophenyl 
isothiocyanate (30.3 mg, 0.17 mmol). After 
stirring for 24 h the resulting yellow precipitate 
was collected by vacuum filtration and washed 
with CH3OH (2 × 2 mL). The crude material was 
sonicated in CH3OH (2 mL) before being cooled to 0 °C and the solid material collected to afford 
the title compound (49.3 mg, 52%) as a pale yellow powder. 
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H NMR (500 MHz, DMSO-d6) δ 10.21 (2H, brs, H5’), 8.32 (2H, brs, H3’), 8.18 (4H, AA’BB’, J = 9.2, 
5.3†, H8’), 7.70 (4H, app. d, J = 9.2, H7’), 3.77 (12H, s, 4 × Me), 3.66 (8H, brs, H1’,2’), 3.57 (6H, s, 2 
× Me), 3.02 (4H, s, H11,15,31,35), 2.51 (6H, s, H2,5,6,7,19,24), 2.35 (4H, s, H10,16,27,33), 2.31 (2H, 
d, J = 9.2, H36s,38s), 2.13 (4H, s, H3,6,20,23), 1.92 (4H, s, H9,17,26,34), 1.17 (2H, d, J = 9.0, 
H36aH38a).  
†AA’BB’ JAB = 9.2, JAA’ = JBB’ = 5.3, JAB’ = 0.0.  
13C NMR (126 MHz, DMSO-d6) δ 180.6, 177.0, 170.1, 168.1, 145.9, 142.1, 124.6, 121.1, 89.9, 59.0, 
56.6, 52.5, 51.8, 49.5, 48.1, 47.7, 44.2, 41.3, 40.4, 37.3, 36.9. 
 
Tetramethyl (1α,2β,3α,4α,5α,6α,7β,8α,9β,10α,11α,15α,16α,17β,18α,19β,20α,26α,27β,28α, 
29β,30α,31α,35α,36α,37β)-13,33-bis(2’,2’’-tert-butoxycabronylaminoethyl)-12,14,22,24,32,34-
hexaoxo-13,23,33-triaza-38,40-dioxahexadecacyclo[26.9.18,18.110,16.130,36.02,27.03,21.04,26.05,20. 
06,25.07,19.09,17.011,15.021,25.029,37.031,35]hentetracontane-1,8,18,28-tetracarboxylate. (280) 
The title compound was prepared according to 
general procedure C using bisalkene 275 (34.0 
mg, 0.15 mmol), epoxide 199 (145.0 mg. 0.31 
mmol) and DMF (510 μL). The reaction mixture 
was transferred to a separatory funnel and 
diluted with H2O (20 mL) and extracted with 
EtOAc (3 × 15 mL). The organics were combined and washed with sat. NaCl (30 mL), dried with 
MgSO4, filtered and the solvent removed in vacuo. The crude material was purified by tritration 
(CH3OH, 3 mL) to afford the title compound (132.1 mg, 76%) as a white powder. 
1H NMR (500 MHz, DMSO-d6) δ 11.07 (1H, s, H23), 6.78 (2H, s, H3’), 3.78 (12H, s, 4 × Me), 3.43 
(4H, s, H1’), 3.01, (4H, s, H2’), 2.95, (4H, s, H11,15,31,35), 2.57 (2H, s, H4,5), 2.32-2.30 (10H, m, 
H3,6,10,16,20,26,30,36,39s,41s), 2.25 (4H, s, H2,7,19,27), 2.01(4H, s, H9,17,29,37) 1.34 (18H, s, 2 
× t-Bu), 1.14 (2H, d, J = 6.4 H39a,41a). 
1H NMR (500 MHz, DMSO-d6, 60 °C) δ 10.92 (1H, s, H23), 6.60 (2H, s, H3’), 3.80 (12H, s, 4 × Me), 
3.46 (4H, s, H1’), 3.04, (4H, s, H2’), 2.97, (4H, s, H11,15,31,35), 2.62 (2H, s, H4,5), 2.35-2.32 (10H, 
m, H3,6,10,16,20,26,30,36,39s,41s), 2.25 (4H, s, H2,7,19,27), 2.02(4H, s, H9,17,29,37) 1.37 (18H, s, 
2 × t-Bu), 1.16 (2H, d, J = 9.0 H39a,41a). 
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13C NMR (126 MHz, DMSO-d6, 60 °C) δ 176.3, 174.6, 167.7, 86.9, 77.5, 60.4, 54.4, 52.1, 48.6, 48.1, 
47.7, 47.4, 40.2, 38.1, 37.2 36.8, 28.0. 
One 13C signal under DMSO confirmed by direct correlation with two 1H resonance through HSQC 
experiments. 
 
Tetramethyl (1α,2β,3α,4α,5α,6α,7β,8α,9β,10α,11α,15α,16α,17β,18α,19β,20α,26α,27β,28α, 
29β, 30α,31α,35α,36α,37β)-13,33-bis(p-nitrophenylthiouredioethyl)-12,14,22,24,32,34-
hexaoxo-13,23,33-triaza-23-38,40-dioxahexadecacyclo[26.9.18,18.110,16.130,36.02,27.03,21.04,26.05,20. 
06,25.07,19.09,17.011,15.021,25.029,37.031,35]hentetracontane-1,8,18,28-tetracarboxylate. (284) 
The title compound was prepared according to 
general procedure D using protected diamine 
280 (64.7 mg, 0.06 mmol), CH2Cl2 (560 μL), TFA 
(120 μL, 1.96 mmol), CHCl3 (1.2 mL), DIPEA (60 
μL, 0.39 mmol) and 4-nitrophenyl 
isothiocyanate (21.9 mg, 0.12 mmol). After 
stirring for 24 h the resulting yellow precipitate 
was collected by vacuum filtration and washed 
with CH3OH (2 × 2 mL). The crude material was 
sonicated in CH3OH (2 mL) before being cooled to 0 °C and the solid material collected to afford 
the title compound (40.4 mg, 51%) as a pale yellow powder. 
1H NMR (500 MHz, DMSO-d6) δ 11.05 (1H, s, H25), 10.16 (2H, s, H5’), 8.32 (2H, s, H3’), 8.17 (4H, d, 
J = 9.1, H8’), 7.69 (4H, d, J = 8.5, H7’), 3.78 (12H, s, 4 × Me), 3.68 (4H, s, H2’), 3.64 (4H, s, H1’), 2.99 
(4H, s, H11,15,31,35), 2.57 (2H, s, H4,5), 2.30-2.26 (14H, m, H2,3,6,7,10,16,19,20,26,27,30,36, 
39s,41s), 2.01 (4H, s, H9,17,29,37), 1.15 (2H, d, J = 8.5, H39a,41a). 
13C NMR (101 MHz, DMSO-d6) δ 180.5, 177.0, 175.3, 168.0, 145.8, 142.1, 124.6, 121.0, 90.0, 60.6, 
54.4, 52.6, 48.9, 48.5, 47.9, 47.7, 41.6, 40.3, 37.6, 37.1. 
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Tetramethyl (1α,2β,3α,4α,5α,6α,7β,8α,9β,10α,11α,15α,16α,17β,18α,19β,20α,26α,27β,28α, 
29β,30α,31α,35α,36α,37β)-13,33-bis(2’,2’’-tert-butoxycabronylaminoethyl)-23-p-methoxy 
phenyl-12,14,22,24,32,34-hexaoxo-13,23,33-triaza-38,40-dioxahexadecacyclo[26.9.18,18.110,16. 
130,36.02,27.03,21.04,26.05,20.06,25.07,19.09,17.011,15.021,25.029,37.031,35]hentetracontane-1,8,18,28-
tetracarboxylate. (281)419 
The title compound was prepared according to 
general procedure C using bisalkene 277 (36.3 
mg, 0.11 mmol), epoxide 199 (102.4 mg. 0.22 
mmol) and DMF (220 μL). The reaction mixture 
was transferred to a separatory funnel and 
diluted with H2O (20 mL) and extracted with 
EtOAc (3 × 15 mL). The organics were 
combined and washed with sat. NaCl (30 mL), dried with MgSO4, filtered and the solvent removed 
in vacuo. The crude material was purified by tritration (CH3OH, 3 mL) to afford the title compound 
(98.0 mg, 71%) as a white powder. 
1H NMR (500 MHz, DMSO-d6) δ 7.23 (2H, d, J = 8.7, H2’’), 6.92 (2H, d, J = 8.8, H3’’), 6.81 (2H, t, J = 
5.9, 2 × NH), 3.79 (15H, s, 5 × Me), 3.09 (4H, app. d, J = 5.9, H2’), 2.97 (4H, s, H11,15,31,33), 2.65 
(2H, s, H4,5), 2.49 (4H, s, H2,7,19,27), 2.42 (4H, s, H3,6,20,26), 2.33 (4H, s, H10,16,30,36), 2.29 (2H, 
Unresolved d, H39s,41s), 2.10 (4H, s, H9,17,29,37), 1.34 (18H, s, 2 × t-Bu), 1.14 (2H, d, J = 9.0, 
H39a,H41a).  
1H NMR (500 MHz, DMSO-d6, 60 °C) δ 7.20 (2H, d, J = 8.6, H2’’), 6.93 (2H, d, J = 8.9, H3’’), 6.62 (2H, 
2 × NH), 3.81 (15H, s, 5 × Me), 3.46 (4H, t, J = 6.2, H1’), 3.11 (4H, app. d, J = 6.0, 2 × H2’), 2.99 (4H, 
s, H11,15,31,33), 2.69 (2H, s, H4,5), 2.48 (4H, s, H2,7,19,27), 2.41 (4H, s, H3,6,20,26), 2.35 (4H, s, 
H10,16,30,36), 2.33 (2H, s, H39s,41s), 2.10 (4H, s, H9,17,29,37), 1.36 (18H, s, 2 × t-Bu), 1.16 (2H, d, 
J = 9.3, H39a,H41a). 
13C NMR (126 MHz, DMSO-d6, 60 °C) δ 176.5, 173.1, 167.7, 159.2, 155.4, 129.6, 124.5, 113.6, 90.0, 
77.8, 59.2, 55.3, 54.8, 52.2, 48.7, 48.3, 47.6, 47.4, 40.3, 38.0, 36.8, 28.0.  
HRMS (ESI-OrbiTRAP) m/z; [M + H]+ Calc. for C65H73N5O21 1260.4832, found 1260.4871. 
mp 317.9 °C (dec.) 
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Tetramethyl (1α,2β,3α,4α,5α,6α,7β,8α,9β,10α,11α,15α,16α,17β,18α,19β,20α,26α,27β,28α, 
29β,30α,31α,35α,36α,37β)-13,33-bis(p-fluorophenylthiouredioethyl)-23-p-methoxyphenyl-12, 
14,22,24,32,34-hexaoxo-13,23,33-triaza-38,40-dioxahexadecacyclo[26.9.18,18.110,16.130,36.02,27. 
03,21. 04,26.05,20.06,25.07,19.09,17.011,15.021,25.029,37.031,35]hentetracontane-1,8,18,28-tetracarboxylate. 
(271)419 
The title compound was prepared according to 
general procedure D using protected diamine 
281 (53.2 mg, 0.04 mmol), CH2Cl2 (420 μL), TFA 
(90 μL, 1.18 mmol), CHCl3 (850 μL), DIPEA (45 
μL, 0.26 mmol) and 4-fluorophenyl 
isothiocyanate (20.0 mg, 0.13 mmol). After 
stirring for 24 h the resulting white precipitate 
was collected by vacuum filtration and washed 
with CH3OH (2 × 2 mL). The crude material was 
sonicated in CH3OH (2 mL) before being cooled to 0 °C and the solid material collected to afford 
the title compound (42.1 mg, 73%) as a white powder.  
1H NMR (500 MHz, DMSO-d6) δ 9.58 (2H, s, H5’), 7.71 (2H, s, H3’), 7.29-7.24 (6H, m, H2’’,7’), 7.16 
(4H, t, J = 8.6, H8’), 6.99 (2H, d, J = 8.4, H3’’), 3.80 (12H, s, 4 × Me), 3.73 (3H, s, Me), 3.65 (4H, brs, 
H1’), 3.59 (4H, brs, H2’), 2.98 (4H, s, H11,15,31,35), 2.66 (2H, s, H4,5), 2.45 (4H, s, H2,7,19,27), 
2.41 (4H, s, H3,6,20,26), 2.35 (4H, s, H10,16,30,36), 2.30 (2H, d, J = 8.7, H39s,41s), 2.08 (4H, s, 
H9,17,29,37), 1.17 (2H, d, J = 8.3, H39a,41a).  
13C NMR (101 MHz, DMSO-d6) δ 180.8, 176.9, 173.6, 167.9, 159.44, 159.41 (d, 1JC-F = 242.2), 134.8, 
130.0, 126.5, 124.4, 115.5 (d, 2JC-F = 22.3), 114.0, 90.0, 59.4, 55.4, 54.8, 52.7, 48.9, 48.5, 47.7, 41.3, 
40.4, 37.7, 37.0. 
19F NMR (470 MHz, DMSO-d6) δ -117.2 
HRMS (ESI-OrbiTRAP) m/z; [M + H]+ Calc. for C69H66F2N7O17S2 1366.3880, found 1366.3953. 
mp 304.2 °C (dec.) 
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6.5 Squaric hosts  
3,4-dimethoxycyclobut-3-en-1,2-dione. (259)422,423 
A solution of 3,4-dihydroxycyclobute-2-ene-1,2-dione (2.02 g, 17.7 mmol) in 
CH3OH (36.0 mL) was stirred at 21 °C followed by addition of 
trimethylorthoformate (3.8 mL, 34.7 mmol). The reaction mixture was refluxed at 60 °C for 4 h 
followed by removal of the volatiles in vacuo. The crude yellow oil was purified using a silica plug 
(EtOAc) to afford the title compound (1.68 g, 67%) as a white powder.  
1H NMR (270 MHz, DMSO-d6) δ 4.37. 
13C NMR (68 MHz, DMSO-d6) δ 190.1, 184.2, 61.1. 
 
3-methoxy-4-(p-fluorophenyl)aminocyclobut-3-en-1,2-dione (261a)274 
A solution of diester 249 (101.5 mg, 0.6 mmol) in CH3OH (1.25 mL) was 
stirred at ambient temperature until homogenous followed by addition of 
4-fluoroaniline (60.0 µL, 0.6 mmol). The reaction mixture was stirred for 
48 h followed by removal of the solvent in vacuo. The crude material was triturated in cold CH3OH 
(2 mL) to afford the title compound (95.4 mg 68%) as a white powder. 
1H NMR (270 MHz, DMSO-d6) δ 10.79 (1H, s, NH), 7.35 (2H, brs, H2’), 7.21 (2H, d, J = 8.8, H3’), 4.37 
(3H, s, Me). 
13C NMR (68 MHz, DMSO-d6), δ 188.0, 183.8, 178.6, 169.1, 159.0 (d, 1JC-F = 241.2), 134.4, 121.5 
(d, 3JC-F = 8.0), 115.8 (d, 2JC-F = 22.8), 60.6. 
19F NMR (470, DMSO-d6) δ -122.3. 
 
3-methoxy-4-(3’,5’-bis(trifluoromethyl)phenyl)aminocyclobut-3-en-1,2-dione (261b)274 
A solution of diester 249 (273.4 mg, 1.7 mmol) in CH3OH (3.4 mL) was 
stirred at ambient temperature until homogenous followed by addition 
of 3,5-bis(trifluoromethyl)aniline (270 µL, 1.7 mmol). The reaction 
mixture was stirred for 48 h followed by removal of the solvent in vacuo. The crude material was 
triturated in cold CH3OH (3 mL) to afford the title compound (369.8 mg, 64%) as a white powder. 
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1H NMR (270 MHz, DMSO-d6) δ 11.20 (1H, s, NH), 8.04 (2H, s, H2’,6’), 7.79 (1H, s, H4’), 4.41 (3H, s, 
Me).  
13C NMR (101 MHz, DMSO-d6) δ 187.8, 184.9, 180.3, 169.5, 140.7, 131.7 (q, 2JC-F = 33.2), 123.5 (q, 
1JC-F = 274.0), 119.6 (br), 116.6 (3JC-F = 3.5), 61.4. 
19F NMR (470 MHz, DMSO-d6) δ -63.70. 
 
Tetramethyl (1α,2β,3α,4β,5α,6α,10α,11α,12β,13α,14β,15α,16β,17α,18β,19α,20α,24α,25α, 
26β, 27α,28β)-7,9,21,22-tetraoxo-8,22-bis(N’-p-fluorophenylsquaramido-N-ethyl)- 8,22-diaza-
30,32-dioxadodecacyclo[13.13.1.13,13.15,11.117,27.119,25.02,14.04,12.06,10.016,28.018,26.020,24] 
tritriacontane-3,13,17,27-tetracarboxylate. (257) 
The Boc-protected diamine 203 (104 mg, 0.10 mmol) 
was dissolved in CH2Cl2 (1.0 mL) followed by addition 
of TFA (200 μL, 2.61 mmol) and the reaction stirred 
for 4 h at 21 °C. The volatiles were removed in vacuo 
followed by coevaporation with CH3OH (3 x 2 mL) to 
ensure complete removal of excess TFA. The white 
powder was transferred to a microwave vial 
containing squaric ester 261a (47.9 mg, 0.22 mmol) 
followed by addition of CH3OH (2.0 mL) and DIPEA (40 μL, 0.23 mmol). The microwave vessel was 
capped and irradiated at 140 °C for 1 hr and the resulting white slurry collected by vacuum 
filtration. The filter cake was washed with EtOAc (3 × 3 mL) to afford the title compound (53.8 mg, 
45%) as a white powder.  
1H NMR (500 MHz, DMSO-d6) δ 10.94 (2H, s, H4’), 7.58 (2H, s, H3’), 7.41 (4H, s, H7’), 7.23 (4H, t J 
= 8.7, H6’), 3.73 (4H, s, H2’), 3.69 (12H, s, 4 × Me), 3.58 (4H, s, H1’), 3.03 (4H, s, H6,10,20,24), 2.34 
(4H, s, H5,11,19,25), 2.29 (2H, d, J = 9.5, H31s,33s) 1.97 (4H, s, H4,12,18,26), 1.67 (4H, s, 
H2,14,16,28), 1.59 (2H, s, H29), 1.57 (2H, s, H1,15), 1.13 (2H, d, J = 9.4, H31a33a).  
13C NMR (126 MHz, DMSO-d6) δ 183.6, 180.4, 176.9, 169.3, 168.1, 164.0, 158.1 (d, 1JC-F = 240.0), 
135.4, 119.7 (br), 116.3 (d, 2JC-F = 22.4) 89.5, 53.6, 52.2, 50.0, 47.7, 42.5, 40.4, 38.8, 37.4, 28.3. 
One 13C signal (C1,15) under DMSO confirmed by direct correlation with one 1H signal through 
HSQC experiments. 
19F NMR (470 MHz, DMSO-d6) δ -122.9. 
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Tetramethyl (1α,2β,3α,4β,5α,6α,10α,11α,12β,13α,14β,15α,16β,17α,18β,19α,20α,24α,25α, 
26β,27α,28β)-7,9,21,22-tetraoxo-8,22-bis(N’-(bis-7’,9’-trifluoromethyl)phenylsquaramido-N-
ethyl)- 8,22-diaza-30,32-dioxadodecacyclo[13.13.1.13,13.15,11.117,27.119,25.02,14.04,12.06,10.016,28. 
018,26.020,24]tritriacontane-3,13,17,27-tetracarboxylate. (258) 
The Boc-protected diamine 203 (267.2 mg, 0.26 
mmol) was dissolved in CH2Cl2 (2.6 mL) followed by 
addition of TFA (520 μL, 6.79 mmol) and the reaction 
stirred for 4 h at 21 °C. The volatiles were removed in 
vacuo followed by coevaporation with CH3OH (3 x 2 
mL) to ensure complete removal of excess TFA. The 
white powder was transferred to a microwave vial 
containing squaric ester 261b (181.2 mg, 0.53 mmol) 
followed by addition of CH3OH (6.2 mL) and DIPEA (100 μL, 0.57 mmol). The microwave vessel was 
capped and irradiated at 140 °C for 1 hr and the resulting white slurry collected by vacuum 
filtration. The filter cake was washed with EtOAc (3 × 3 mL) to afford the title compound (128.7 
mg, 32%) as a white powder.  
1H NMR (500 MHz, CDCl3) δ 10.30 (2H, s, H4’), 7.98 (4H, s, H6’,10’), 7.68 (4H, brs, H3’,8’), 3.75 
(12H, s, 4 × Me), 3.68 (4H, s, H2’), 3.58 (4H, s, H1’), 2.99 (4H, s, H6,10,20,24), 2.33 (4H, s, 
H5,11,19,25), 2.25 (2H, d, J = 9.2, H31s,33s), 2.01 (4H, s, H4,12,18,26), 1.89 (4H, s, H2,14,16,28), 
1.73 (2H, s, H1,15), 1.59 (2H, s, H29), 1.14 (2H, d, J = 8.9, H31a,33s). 
13C NMR (126 MHz, CDCl3) δ 184.5, 180.4, 176.7, 170.3, 169.8, 162.8, 140.9, 131.4 (q, 2JC-F = 33.1), 
123.1 (q, 1JC-F = 273.3), 118.1 (br), 114.9 (br), 89.4, 53.6, 52.2, 50.2, 47.7, 42.7, 40.2, 37.1, 28.7, 
27.6. 
One 13C signal (C1,15) under DMSO confirmed by direct correlation with one 1H signal through 
HSQC experiments. 
19F NMR (470 MHz, DMSO-d6) δ -64.3. 
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6.6 Ligands for MOC 
Dimethyl(1α,2α,6α,7α,8β,11β)-3,5-dioxo-4-oxatetracyclo[5.4.1.02,6.08,11]dodec-9-ene-9,10-
dicarboxylate. (356)280 
The title compound was prepared according to general procedure A using 
alkene 204 (990.5 mg, 6.0 mmol), RuH2(CO)(PPh3)3 (572.4 mg, 0.6 mmol), DMF 
(10 mL) and DMAD (1.8 mL, 2.1 mmol). Following column chromatography 
(50% EtOAc/Pet. Sp., Rf = 0.45) and recrystallisation (EtOAc/Pet.Sp.) the title compound (1.85 g, 
78%%) was isolated as a white powder. 
1H NMR (270 MHz, CDCl3) δ 3.78 (6H, s, 2 × Me), 3.54 (2H, dd, J = 3.5, 2.1, H2,6), 2.98 (2H, s, H1,7), 
2.91 (2H, s, H8,11), 1.80 (1H, d, J = 11.6, H12a), 1.51 (1H, dt, J = 11.6, 1.1, H12s). 
13C NMR (68 MHz, CDCl3) δ 170.8, 160.6, 141.2, 52.3, 48.6, 42.4, 37.3, 34.5. 
 
Dimethyl (1α,2α,6α,7α,8β,11β)-3,5-dioxo-4-p-picolyl-4-azatetracyclo[5.4.1.02,6.08,11]dodec-9-
ene-9,10-dicarboxylate. (380) 
A mixture of anhydride 356 (979.6 mg, 3.20 mmol) and 4-
(methylamino)pyridine (330 μL, 3.25 mmol) in CHCl3 (4.6 mL) was stirred 
in a microwave vessel until a white precipitate was formed (≈1 min). The 
resulting slurry was stirred for a further 10 min followed by addition of 
NEt3 (450 μL, 3.23 mmol). The vessel was capped and irradiated for 1 h 
at 120 °C. The reaction mixture was transferred to a separatory funnel and diluted with CHCl3 (10 
mL) and the organic layer washed with H2O (2 × 25 mL), sat. aq. NaCl (20 mL) then dried (MgSO4), 
filtered and concentrated in vacuo. The crude material was purified using column chromatography 
(EtOAc Rf = 0.27) to afford the title compound (1.07 g, 84%) as a white solid.  
1H NMR (270 MHz, CDCl3) δ 8.56 (2H, d, J = 6.0, H4’), 7.28 (2H, d, J = 6.0, H3’), 4.59 (2H, s, H1’), 
3.75 (6H, s, 2 × Me), 3.26 (2H, dd, J = 3.3, 1.9, H2,6), 2.84 (2H, brs, H8,11), 2.60 (2H, s, H1,7), 1.74 
(1H, d, J = 11.6 H12a), 1.47 (1H, d, J = 11.5 H12s) 
13C NMR (68 MHz, CDCl3) δ 176.4, 160.7, 150.4, 144.3, 141.0, 123.7, 52.2, 47.6, 42.4, 41.4, 36.4, 
34.4. 
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Dimethyl (1α,2α,6α,7α,8β,11β)-3,5-dioxo-4-m-pyridineyl-4-azatetracyclo[5.4.1.02,6.08,11]dodec-
9-ene-9,10-dicarboxylate. (379) 
A mixture of anhydride 356 (1.07 g, 3.49 mmol) and 3-aminopyridine (335.9 
mg, 3.57 mmol) in CHCl3 (7 mL) was stirred in a microwave vessel until a white 
precipitate was formed (≈15 min). The resulting slurry was stirred for a 
further 10 min followed by addition of NEt3 (490 μL, 3.52 mmol). The vessel 
was capped and irradiated for 1 h at 120 °C. The reaction mixture was 
transferred to a separatory funnel and diluted with CHCl3 (10 mL) and the organic layer washed 
with H2O (2 × 20 mL), sat. aq. NaCl (20 mL), then dried (MgSO4), filtered and concentrated in vacuo. 
The crude material was purified using column chromatography (EtOAc Rf = 0.37) to afford the title 
compound (1.08 g, 81%) as a white solid.  
1H NMR (400 MHz, CDCl3) δ 8.59 (1H, dd, J = 4.8, 1.3, H4’), 8.53 (1H, d, J = 2.2, H2’), 7.60 (1H, ddd, 
J = 8.2, 2.3, 1.6, H6’), 7.39 (1H, dd, J = 8.2, 4.8 H5’), 3.74 (6H, s, 2 × Me), 3.40 (2H, dd, J = 3.4, 2.0, 
H2,6), 2.94 (2H, s, H8,11), 2.92 (2H, dd, J = 3.0, 1.6), 1.79 (1H, d, J = 11.5, H11a), 1.54 (1H, d, J = 
11.5, H11s). 
13C NMR (101 MHz, CDCl3) δ 175.5, 160.6, 149.6, 147.4, 141.1, 133.9, 128.5, 123.8, 52.2, 47.6, 
42.5, 36.7, 34.3. 
 
Dimethyl (1α,3β,5α,6β,7α,8α,12α)-9,11-dioxo-10-p-picolyl-10-aza-4-oxapentacyclo[5.5.1.02,6. 
03,5.08,12]tridecane-3,5-dicarboxylate. (382) 
The title compound was prepared according to general procedure B 
using 380 (936.3 mg, 2.36 mmol), THF (220 mL), t-BuOOH (0.95 mL, 
2.85 mmol, 3.0M in PhCH3) and t-BuOK (78.0 mg, 0.70 mmol). The 
crude material was triturated (EtOAc, 5 mL), cooled to 0 °C and the 
solid collected by vacuum filtration. The fine solid was washed with 
cold EtOAc (0 °C, 2 × 3 mL) to afford the title compound (620.5 mg, 64%) as a pure white powder. 
1H NMR (270 MHz, CDCl3) δ 8.54 (2H, dd, J = 8.7,4.4, H4’), 7.20 (2H, dd, J = 8.7,4.4, H3’), 4.53 (2H, 
s, H1’), 3.77 (6H, s, 2 × Me), 3.31 (2H, dd, J = 3.3, 1.7, H2,6), 3.24 (2H, dd, J = 3.5,2.0, H8,12), 2.23 
(2H, s, H1,7), 2.12 (1H, d, J = 11.6, H13s), 1.47 (1H, dt, J = 11.6,1.4, H13a) 
13C NMR (68 MHz, CDCl3) δ 176.1, 163.8, 150.4, 144.0, 123.5, 63.4, 53.0, 47.6, 45.8, 41.3, 39.0, 
37.1. 
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Hexamethyl (1α,2β,3α,4α,5α,6α,7β,8α,9β,10α,11α,15α,16α,17β,18α,19β,20α,21β,22β,23α, 
24β,25α,26β,27α,28α,32α,33α,34β)-12,14,29,31-tetraoxo-13,30-bis-p-picolyl-13,30-diaza-35, 
37-dioxapentadecacyclo[23.9.1.18,18.110,16.127,33.02,24.03,21.04,23.05,20.06,22.07,190.9,17.011,15.026,34. 
028,32]octatriaconta-1,8,18,21,22,25-hexacarboxylate. (371) 
A microwave vessel was charged with 
bis alkene 1 (34.3 mg, 0.13 mmol), 
epoxide 382 (100.5 mg. 0.24 mmol) 
and DMF (420 μL). The vessel was 
capped then heated using microwave 
irradiation for 10 min at 150 °C. Upon addition of H2O (5 mL) a grey precipitate was formed and 
collected by vacuum filtration. The off white powder was recrystallised using CHCl3 to afford the 
title compound (85.4 mg, 60%) as a white solid. 
1H NMR (500 MHz, CDCl3) δ 8.64 (4H, d, J = 5.85, H4’), 7.22 (4H, d, J = 5.8, H3’), 4.67 (4H, s, H1’), 
3.84 (12H, s, 4 × Me), 3.80 (6H, s, 2 × Me), 3.04 (4H, s, H11,15,28,32), 2.76 (2H, s, H4,5), 2.63 (2H, 
d, J = 0.8, H36s,38s), 2.60 (4H, s, H2,7,19,24), 2.58 (4H, s, H10,16,27,33), 2.06 (8H, s, 
H3,6,9,17,20,23,26,34), 1.22 (2H, d, J = 10.6, H36a,38a) 
13C NMR (126 MHz, CDCl3) δ 176.4, 170.5, 168.4, 150.6, 144.3, 122.9, 90.7, 59.8, 57.6, 52.74, 57.72, 
50.1, 48.5, 48.4, 448, 41.6, 41.4, 38.19.  
HRMS (ESI-OrbiTRAP) m/z; [M + H]+ Calc. for C58H56N4O18 1097.3623, found 1097.37. 
 
Tetramethyl (1α,2β,3α,4α,5α,6α,7β,8α,9β,10α,11α,15α,16α,17β,18α,19β,20α,26α,27β,28α, 
29β,30α,31α,35α,36α,37β)-12,14,22,24,32,34-hexaoxo-13,33-bis-p-picolyl)-13,23,33-triaza-38, 
40-dioxahexadecacyclo[26.9.18,18.110,16.130,36.02,27.03,21.04,26.05,20.06,25.07,19.09,17.011,15.021,25.029,37 
.031,35]hentetracontane-1,8,18,28-tetracarboxylate. (374) 
A microwave vessel was charged with 
bis alkene 275 (23.5 mg, 0.10 mmol), 
epoxide 382 (87.0 mg. 0.21 mmol) and 
DMF (350 μL). The vessel was capped 
then heated using microwave 
irradiation for 10 min at 150 °C. Upon 
addition of H2O (5 mL) a grey 
precipitate was formed and collected by vacuum filtration. The crude material was recrystallised 
using CHCl3 (3 mL) to afford the title compound (73.5 mg, 67%) as a white powder.  
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1H NMR (400 MHz, DMSO-66) δ 11.24 (1H, s, NH), 8.52 (4H, d, J = 5.9, H4’), 7.29 (4H, d, J = 5.7, 
H3’), 4.64 (4H, s, H1’), 3.79 (12H, s, 4 × Me), 3.14 (4H, s, H11,15,31,35), 2.58 (2H, s, H4,5), 2.37 
(4H, s, H10,16,30,36), 2.31-2.29 (6H, m, H2,7,19,27,39s,41s), 2.22 (4H, s, H3,6,20,26), 1.97 (4H, s, 
H9,17,29,37), 1.15 2H, d, J = 9.7, H39a,41a). 
13C NMR (126 MHz, DMSO-66) δ 176.7, 175.2, 167.9, 149.2, 145.7, 122.7, 89.9, 60.7, 54.4, 52.7, 
49.0, 48.4, 48.0, 47.7, 40.61, 40.55, 37.1. 
HRMS (ESI-OrbiTRAP) m/z; [M + H]+ Calc. for C56H51N5O16 1050.3364, found 1050.34 
 
Tetramethyl (1α,2β,3α,4α,5α,6α,7β,8α,9β,10α,11α,15α,16α,17β,18α,19β,20α,26α,27β,28α, 
29β,30α,31α,35α,36α,37β)-23-p-methoxyphenyl-12,14,22,24,32,34-hexaoxo-13,33-bis-p-
picolyl)-13,23,33-triaza-38,40-dioxahexadecacyclo[26.9.18,18.110,16.130,36.02,27.03,21.04,26.05,20.06,25. 
07,19.09,17.011,15.021,25.029,37.031,35]hentetracontane-1,8,18,28-tetracarboxylate. (376) 
A microwave vessel was charged with 
bis alkene 277 (23.0 mg, 0.07 mmol), 
epoxide 382 (69.1 mg. 0.17 mmol) and 
DMF (230 μL). The vessel was capped 
then heated using microwave 
irradiation for 10 min at 150 °C. Upon 
addition of H2O (5 mL) a grey 
precipitate was formed and collected by vacuum filtration. The crude material was purified by 
tritration in CH3OH (3 mL) to afford the title compound (65.4 mg, 82%) as a white solid. 
1H NMR (500 MHz, CDCl3) δ 8.48 (4H, dd, J = 4.6, 1.5, H4’), 7.29 (2H, app. dt, J = 9.0,2.7, H2’’) 7.20 
(4H, dd, J = 4.6, 1.5, H3’), 7.01 (2H, app. dt, J = 9.1, 2.7, H3’’), 4.59 (4H, s, H1’), 3.86 (12H, s, 4 × 
Me), 3.83 (3H, s, Me), 3.01 (4H, dd, H11,15,31,35), 2.96 (2H, s, H4,5), 2.60-2.56 (6H, m, 
H10,16,30,36,39s,41s), 2.38 (4H, d J = 1.8, H,2,7,19,27), 2.25 (4H, s, H3,6,20,26), 1.95 (4H, s, 
H9,17,29,37), 1.21 (2H, d, J = 10.4, H39a,41a). 
13C NMR (126 MHz, CDCl3) δ 176.1, 173.3, 167.6, 159.5, 150.2, 144.1, 127.4, 124.4, 123.4, 114.3, 
90.5, 59.7, 56.0, 55.7, 53.0, 49.5, 48.9, 48.5, 48.3, 41.3, 38.0. 
HRMS (ESI-OrbiTRAP) m/z; [M + H]+ Calc. for C63H57N5O17 1156.3783 found 1156.38 
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9 Appendix: B 
9.1 Thiourea Hosts 
9.1.1 [3]polynorbornane 4-fluorophenyl thiourea (211) 
 Log kA Error % 
Terephthalate (224) 3.04 5 
Naphthalate (230) 2.80 5 
Biphenylate (231) 2.77 3 
Isophthalate (241) 4.93 15 
Dipicolinate (242) 2.98 4 
 
211:Terephthalate(224) 
Log kA = 3.04 Error = 5 % 
 
Figure 9-1: Titrations isotherm and residual fitting of 211:224 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
211:Naphthalate(231) 
Log kA = 2.80 Error = 5 % 
 
Figure 9-2: Titrations isotherm and residual fitting of 211:231 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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211:Biphenylate(230) 
Log kA = 2.77 Error = 3% 
 
Figure 9-3: Titrations isotherm and residual fitting of 211:230 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
211:Isophthalate(241) 
Log kA = 4.93 Error = 15% 
 
Figure 9-4: Titrations isotherm and residual fitting of 211:241 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
211:Dipicolinate(242) 
Log kA = 2.98 Error = 4% 
 
Figure 9-5: Titrations isotherm and residual fitting of 211:242 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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9.1.2 [5]polynorbornane 4-fluorophenyl thiourea (212) 
 Log kA Error % 
Terephthalate (224) 3.83 11 
Naphthalate (230) 3.00 4 
Biphenylate (231) 2.49 3 
Isophthalate (241) 4.18 13 
Dipicolinate (242) 3.87 12 
 
212:Terephthalate(224) 
Log kA = 3.83 Error = 11 % 
 
Figure 9-6: Titrations isotherm and residual fitting of 212:224 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
212:Naphthalate(230) 
Log kA = 3.00 Error = 4 % 
 
Figure 9-7: Titrations isotherm and residual fitting of 212:230 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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212:Biphenylate(231) 
Log kA = 2.49 Error = 3 % 
 
Figure 9-8: Titrations isotherm and residual fitting of 212:231 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
212:Isophthalate(241) 
Log kA = 4.18 Error = 13 % 
 
Figure 9-9: Titrations isotherm and residual fitting of 212:241 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
212:Dipicolinate(242) 
Log kA = 3.87 Error = 12 % 
 
Figure 9-10: Titrations isotherm and residual fitting of 212:242 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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9.1.3 [5]polynorbornane 4-nitrophenyl thiourea (246) 
 Log kA Error % 
Terephthalate (224) >5.00 30 
Naphthalate (230) 3.43 7 
Biphenylate (231) 3.25 4 
Isophthalate (241) >5.00 18 
Dipicolinate (242) 4.56 15 
 
246:Terephthalate (224) 
Log kA > 5.00 Error = 30 % 
 
Figure 9-11: Titrations isotherm and residual fitting of 246:224 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
246:Naphthalate (230) 
Log kA = 3.43 Error = 7 % 
 
Figure 9-12: Titrations isotherm and residual fitting of 246:230 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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246:Biphenylate(231) 
Log kA = 3.25 Error = 4 % 
 
Figure 9-13: Titrations isotherm and residual fitting of 246:231 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
246:Isophthalate(241) 
Log kA > 5.00 Error = 18 % 
 
Figure 9-14: Titrations isotherm and residual fitting of 246:241 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
246:Dipicolinate(242) 
Log kA = 4.56 Error = 15 % 
 
Figure 9-15: Titrations isotherm and residual fitting of 246:224 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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9.1.4 [5]polynorbornane 4-(trifluoro)phenyl thiourea (245) 
 Log kA Error % 
Terephthalate (224) 4.11 15 
Naphthalate (230) 3.36 6 
Biphenylate (231) 3.07 4 
Isophthalate (241) 4.56 14 
Dipicolinate (242) 3.90 15 
 
245:Terephthalate (224) 
Log kA = 4.11 Error = 15 % 
 
Figure 9-16: Titrations isotherm and residual fitting of 245:224 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
245:Naphthalate (230) 
Log kA = 3.36 Error = 6 % 
 
Figure 9-17: Titrations isotherm and residual fitting of 245:230 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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245:Biphenylate(231) 
Log kA = 3.07 Error = 4 % 
 
Figure 9-18: Titrations isotherm and residual fitting of 245:231 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
245:Isophthalate(241) 
Log kA = 4.56 Error = 14 % 
 
Figure 9-19: Titrations isotherm and residual fitting of 245:241 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
245:Dipicolinate(242) 
Log kA = 3.90 Error = 15 % 
 
Figure 9-20: Titrations isotherm and residual fitting of 245:242 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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9.1.5 [5]polynorbornane 2,6-difluorophenyl thiourea (247) 
 Log kA Error % 
Terephthalate (224) 3.44 14 
Naphthalate (230) 3.68 5 
Biphenylate (231) 3.53 3 
Isophthalate (241) 3.28 13 
Dipicolinate (242) 2.73 12 
 
247:Terephthalate (224) 
Log kA = 4.23 Error = 14 % 
 
Figure 9-21: Titrations isotherm and residual fitting of 247:224 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
247:Naphthalate (230) 
Log kA =  3.27 Error =  5 % 
 
Figure 9-22: Titrations isotherm and residual fitting of 247:230 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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247:Biphenylate(231) 
Log kA = 2.72 Error =  3% 
 
Figure 9-23: Titrations isotherm and residual fitting of 247:231 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
247:Isophthalate(241) 
Log kA = 4.42 Error = 13% 
 
Figure 9-24: Titrations isotherm and residual fitting of 247:241 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
247:Dipicolinate(242) 
Log kA = 3.49 Error = 12% 
 
Figure 9-25: Titrations isotherm and residual fitting of 247:242 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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9.1.6 [6]polynorbornane 4-fluorophenyl thiourea (232) 
 Log kA Error % 
Terephthalate (224) 3.44 4 
Naphthalate (230) 3.68 6 
Biphenylate (231) 3.53 4 
Isophthalate (241) 3.28 13 
Dipicolinate (242) 2.73 4 
Adipate C6 (221) 3.98 11 
Suberate C8 (223) 4.87 15 
Azelate C9 (239) 4.27 14 
Dodecanedioate C12 (240) 4.45 13 
 
232:Terephthalate(224) 
Log kA = 3.44 Error = 4% 
 
Figure 9-26: Titrations isotherm and residual fitting of 232:224 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
232:Naphthalate(230) 
Log kA = 3.68 Error = 6% 
 
Figure 9-27: Titrations isotherm and residual fitting of 232:230 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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232:Biphenylate(231) 
Log kA = 3.53 Error = 4% 
 
Figure 9-28: Titrations isotherm and residual fitting of 232:231 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
232:Isophthalate(241) 
Log kA = 3.28 Error = 13% 
 
Figure 9-29: Titrations isotherm and residual fitting of 232:241 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
232:Dipicolinate(242) 
Log kA = 2.73 Error = 4% 
 
Figure 9-30: Titrations isotherm and residual fitting of 232:242 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
 
-1
0
1
2
3
4
0 1 2 3 4 5 6 7 8 9
Δ
δ
in
 p
p
m
Equivalents
-0.2
-0.15
-0.1
-0.05
0
0.05
0.1
0.15
0 1 2 3 4 5 6 7 8 9
Δ
δ
in
 p
p
m
Equivalents
0
1
2
3
4
0 1 2 3 4 5 6 7 8 9
Δ
δ
in
 p
p
m
Equivalents
-0.1
-0.05
0
0.05
0.1
0 1 2 3 4 5 6 7 8 9
Δ
δ
in
 p
p
m
Equivalents
0
0.5
1
1.5
2
2.5
3
3.5
0 1 2 3 4 5 6 7 8 9
Δ
δ
in
 p
p
m
Equivalents
-0.1
-0.05
0
0.05
0.1
0.15
0.2
0 1 2 3 4 5 6 7 8 9
Δ
δ
in
 p
p
m
Equivalents
 261 | P a g e  
 
232:Adipate C6(221) 
Log kA = 3.98 Error = 11% 
 
Figure 9-31: Titrations isotherm and residual fitting of 232:221 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
232:Suberate C8(223) 
Log kA = 4.87 Error = 15% 
 
Figure 9-32: Titrations isotherm and residual fitting of 232:223 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
232:Azelate C9 (239) 
Log kA = 4.27 Error = 14% 
 
Figure 9-33: Titrations isotherm and residual fitting of 232:239 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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232:Dodecandioate C12 (240) 
Log kA = 4.45 Error = 13% 
 
Figure 9-34: Titrations isotherm and residual fitting of 232:240 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
 
9.1.7 [6]polynorbornane 4-nitrophenyl thiourea (286) 
 Log kA Error % 
Terephthalate (224) 4.02 13 
Naphthalate (230) 4.76 13 
 
286:Terephthalate(224) 
Log kA = 4.02 Error = 13% 
 
Figure 9-35: Titrations isotherm and residual fitting of 286:224 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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286:Naphthalate(230) 
Log kA = 4.76 Error = 13% 
 
Figure 9-36: Titrations isotherm and residual fitting of 286:230 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
 
9.1.8 Imide [6]polynorbornane 4-nitrophenyl thiourea (284) 
 Log kA Error % 
Terephthalate (224) 3.42 9 
Naphthalate (230) 3.50 7 
Biphenylate (231) 3.38 13 
 
284:Terephthalate(224) 
Log kA = 3.42 Error = 9% 
 
Figure 9-37: Titrations isotherm and residual fitting of 284:224 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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284:Naphthalate(230) 
Log kA = 3.50 Error = 7% 
 
Figure 9-38: Titrations isotherm and residual fitting of 284:230 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
284:Biphenylate(231) 
Log kA = 3.38 Error = 13 % 
 
Figure 9-39: Titrations isotherm and residual fitting of 284:231 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
 
9.1.9 Block [6]polynorbornane 4-fluorophenyl thiourea (271) 
 Log kA Error % 
Terephthalate (224) 2.84 1 
Naphthalate (230) 2.83 1 
Biphenylate (231) 2.71 1 
Adipate C6 (221) 3.22 4 
Suberate C8 (223) 3.55 11 
Azelate C9 (239) 4.54 12 
Dodecanedioate C12 (240) 4.13 14 
 
  
-1
0
1
2
3
4
0 1 2 3 4 5 6 7 8 9
Δ
δ
in
 p
p
m
Equivalents
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0 1 2 3 4 5 6 7 8 9
Δ
δ
in
 p
p
m
Equivalents
0
1
2
3
4
0 1 2 3 4 5 6 7 8 9
Δ
δ
in
 p
p
m
Equivalents
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0 1 2 3 4 5 6 7 8 9
Δ
δ
in
 p
p
m
Equivalents
 265 | P a g e  
 
271:Terephthalate(224) 
Log kA = 2.84 Error = 1% 
 
Figure 9-40: Titrations isotherm and residual fitting of 271:224 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
271:Naphthalate(230) 
Log kA = 2.83 Error = 1% 
 
Figure 9-41: Titrations isotherm and residual fitting of 271:230 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
271:Biphenylate(231) 
Log kA = 2.71 Error = 1% 
 
Figure 9-42: Titrations isotherm and residual fitting of 271:231 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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271:Adipate C6(221) 
Log kA = 3.22 Error = 4% 
 
Figure 9-43: Titrations isotherm and residual fitting of 271:221 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
271:Suberate C8(223) 
Log kA = 3.55 Error = 11% 
 
Figure 9-44: Titrations isotherm and residual fitting of 271:223 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
271:Azelate C9 (239) 
Log kA = 4.54 Error = 12% 
 
Figure 9-45: Titrations isotherm and residual fitting of 271:239 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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271:Dodecandioate C12 (240) 
Log kA = 4.13 Error = 14% 
 
Figure 9-46: Titrations isotherm and residual fitting of 271:240 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
 
9.2 Squaramido hosts 
9.2.1 [5]polynorbornane 4-fluorophenyl squaramide (257) 
 Log kA Error % 
Terephthalate (224) >5.0 40 
Isophthalate (241) 4.88 39 
 
257:Terephthalate(224) 
Log kA = 5.00 Error = 40% 
 
Figure 9-47: Titrations isotherm and residual fitting of 257:224 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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257:Isophthalate(241) 
Log kA = 4.88 Error = 39% 
 
Figure 9-48: Titrations isotherm and residual fitting of 257:241 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
 
9.2.2 [5]polynorbornane 3,5-bis(trifluoromethyl)phenyl squaramide (258) 
 Log kA Error % 
Terephthalate (224) 4.83 35 
Isophthalate (241) 4.81 24 
 
258:Terephthalate(224) 
Log kA = 4.83 Error = 35% 
 
Figure 9-49: Titrations isotherm and residual fitting of 258:224 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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258:Isophthalate(241) 
Log kA = 4.81 Error = 24 % 
 
Figure 9-50: Titrations isotherm and residual fitting of 258:241 performed in DMSO-d6 at constant host concentration 
2.5 mM. 
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